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'ABSTRACT
Much work has been done on the determination of film  coeffi­
cients of heat transfer fo r pur© components, but for binary systems 
litt le  work has been done. Data fo r the ethanol*water system only, 
and that over a narrow  range of composition, were found in a search 
of the lite ra tu re . Considerable disagreement between these experi- 
mental results and predicted values from  the Nusselt Equation was 
noted.
A  study of the theoretical background of the problem indicates 
that the Nusselt Equation should apply in the prediction of f ilm  coeffi­
cients of heat transfer for binary vapors that fo rm  a single liquid  
phase if  the operating conditions approximate those for which the 
equation was developed, and if  special care is taken in evaluating 
the tem perature drop across the film  of condensate. However, the 
practical use of the equation is nullified by the lack of necessary 
physical data for solutions. This fact emphasizes the desirab ility  
of being able to predict the value of the film  coefficient for the con­
densation of binary vapors from  a knowledge of the values for the 
single components, which are easily obtainable. A  study of fra g ­
m entary data from  the lite ra tu re  indicates that it may be possible to 
predict coefficients for ideal solutions from  the simple weighted
v ii i
average of the properties of the single components but not necessarily  
fo r non-ideal solutions*
An apparatus previously designed by the author was adapted 
to the conditions m et in measurement of film  coefficients of heat 
transfer of binary solutions. The noteworthy features of this apparatus 
are the ab ility  to m aintain isotherm al conditions the entire length of 
the condensing surface and the technique of mounting the surface 
thermocouples to give correct tem perature readings* The apparatus 
was designed in such a fashion as to allow a stream  of vapor of con­
stant composition to be fed to the condensing surface. Other design 
features insured the maintenance of steady state conditions.
Data fo r three binary systems are  included here as well as 
that fo r the single components: the acetone-methanol and benzene- 
methanol data collected by the author and the iso propanol-methanol 
data collected subsequently by Trachtenberg on the same apparatus.
The results indicate that a workable apparatus has been de­
signed which w ill give consistent results. F o r binary systems with 
a single liquid phase that approach ideality, the experim ental results  
indicate that the film  coefficient for condensation of the vapor is a 
linear function of the composition at a constant tem perature drop 
across the film * Fo r binary systems with a single liquid phase which 
do not approach ideality, no such simple relationship is apparent.
Under the conditions which Nuseelt's Equation is applicable, it  appears
ix
that the correct tem perature drop is the difference between the boiling 
point of the condensate and the surface tem perature.
x
C H A P TE R  X
INTRO DUCTIO N
The proper design of heat transfer equipment necessitates 
the accurate evaluation of the overa ll coefficient of heat transfer for 
use in Newton1 s Equation*
q s U A  At (1)
q * rate of heat transfer, B T U /H r.
U 5 overa ll coefficient of heat tran sfer,
B T U /h r , - f t .2 - ° F .
A  = area of heat transfer, ft. ^
At *  tem perature difference, ° F
The conventional approach to the evaluation of the overall heat trans-
fe r  coefficient is  to make use of the resistance concept--that the total
resistance to the flow of heat is the sum of the various resistances in
series.
In the case o f transfer of heat from  a vapor to a cooling 
medium through a containing wall wherein the vapor is condensed, 
the total resistance, Rfc, is made up of the resistance of the film  of 
condensate, R ^  the resistance of any d irt or scale covering the 
vapor side of the containing w all, R^v, the resistance of the con­
taining w all, Rw, the resistance of any d irt or scale on the opposite 
of the containing wall, R ^ ,  and the resistance of a film  of the cool­
ing medium, Rj^*
• RV + Rdv + Rw *  a dL + RL  (2)
1
2Now the total resistance is defined as the reciprocal of the overall 
coefficient and the individual resistances as the reciprocal of the in ­
dividual coefficients* In  the specific case of the condensation of a 
vapor on the outside of a pipe, the overall coefficient of heat transfer 
may be represented by the following equation wherein the term s for 
diam eter represent the area corrections:
JL i  JL  *  JL  + L  U D 0 <3)
*>0 hv **dv k Davg ^dL1^
Of these coefficients, perhaps the most uncertainty exists with
respect to the evaluation of the individual coefficient of the condensing
vapor. The coefficients for the d irt and scale formations depend on
the tim e elapsed since cleaning the surface and the nature of the
vapor and the cooling medium and must be determined experim entally
o r estim ated from  experience* The resistance of the w all is easily
determ ined since its thickness and therm al conductivity in  most cases
is read ily  available. The coefficient for the cooling medium may be
determ ined from  semi ^ em pirical relationships which have been sub-
(12)stantiated by many investigators.
A theoretical treatm ent of the problem of predicting the value
of the film  coefficient fo r the condensation of vapor on a colder su r-
(13)face was published by Nusselt in  1916. This treatment is 
dependent on several assumptions which w ill be discussed in a la ter  
section. This treatm ent applies only for a condensate forming a
3continuous, homogeneous film  on the condensing surface. For the 
cases of Mtwo phase" and "dropw ise”  condensation, no completely 
theoretical relationships have been found.
Operating under the conditions assumed by Nusseit in the 
development of his equation, many investigators have found good 
agreement between the predicted values and the experimental values 
of film  coefficients fo r pure compounds. In  many cases, the mag­
nitude of the predicted and the experimental coefficients were some­
what different; but in most cases the relation of physical properties 
as predicted by Nusseit has been substantiated. Several investigators 
have studied the condensation of binary vapors forming a two-phase 
condensate, but no general theory has been proposed. It  has been 
said that the Nusseit Equation should apply in  the condensation of 
binary vapors form ing a single liquid p h a s e ^ ^ .
A search of the lite ra tu re  revealed that only one system  
forming a single liquid phase has been studied previous to this 
project and that for a lim ited  range of compositions, ^ ^ )(9 ) -phis 
meagre data shows considerable deviation between the experimental 
values and theoretical e x p e c t a t io n s ^ T h e  present work was under­
taken to collect additional data on other systems in the hope of aiding 
in  the establishment of some general system of behavior. As a 
necessary adjunct, a previously designed apparatus was adapted to 
the conditions encountered in  dealing with binary vapors and was
tested to determ ine its re lia b ility .
C H A PTER  IX
TH E O R E TIC A L CONSIDERATIONS
The Nusseit Equation
The conditions encountered in the study of film  coefficients 
of heat transfer fo r b iliary  vapors condensing to form  a single liquid  
phase a re  in  many ways s im ila r to those met in a like study of pure 
component vapor condensation. Since an excellent analysis and solu­
tion of the problem fo r single components has been achieved by 
Nusseit, i t  is necessary that his basic work be included here.
Nusseit found it  necessary to impose the following condi­
tions in  order to solve the problem of calculating a film  coefficient 
of heat transfer for the condensation of a vapor on a colder surface.
1) The tem perature of the liquid must be the same as the wall 
tem perature at the wall surface and the temperature at the surface 
in contact with the vapor the same as the vapor tem perature. 2) The 
velocity of the film  at the wall surface must be eero and the film  
must cling to the m etallic  wall; and the surface of the dim  in contact 
with the vapor must be under the same pressure as the vapor* 3) The 
heat passing through the film  is  that of the latent heat of condensation. 
4) The velocity of the vapor para lle l to the surface of condensation 
is less than one m eter per second. 5) The curvature of the film  and
5
the velocity component perpendicular to the w all can be neglected.
6) The tem perature distribution through the f ilm  can be represented 
by a straight line relationship. 7) The temperature drop across the film  
is constant. 8) The physical constants to be used in the equation may 
be evaluated at average film  tem perature.
Let u be the downward velocity component of the film  a distance 
a from  the w all an d^^th e  coefficient of viscosity. With a velocity 
change du/da at the position a, there results a shearing 
stress S;
( 1)
At a distance da from  this position*
<21
is the change in shearing stress. This shearing stress change is 
equal to the downward component of the liquid due to the force of 
gravity. If  the surface is at an angle with the horizontal plane, 
and if  designates the weight per unit volume of condensate, then
(3)
or
<4)
Upon integration
I f  the liquid clings to the w all, then a » G, u = 0, and €2  = 0* then
it  -  n  a  -  P S/At (P  g Z
a ‘ c ' a  - T ^ r  w
The value C j depends on the flow conditions of the vapor, for if  the 
vapor strikes the film ’ s shearing stress w ill be set up on the film . 
Since the velocity of the vapor with respect to the film  has been 
assumed so sm all as to be negligible, this stress was neglected.
If aQ is the thickness of the film  at a spot and correspondingly 
du/da = 0, then
t  * / ° S l N  0?  £  
* M ? (7)
and
a - $  Bp a. - /0 ~^. ^  3 2
. ( z * . a - a ‘ )
(8)
(9)
ums ~ a [ ( L & M z f d a .  (io>
s 0 J0  K M ?
u „  -  £ & £  / & * .  £ ) ,  ? S „  tp  ,
*  - * ■ , I t  - 5 ^ - a *  , u l
In a tube length of unity and an arc element d  (p  
if,
8Based on the equations
(13)
w  ■■ ( iv  tJ -x )  (14,
A- cLo
where q = rate of heat transfer 
k  « therm al conductivity 
tv a t e m perature of the vapor side of the film  
tw *  tem perature of the surface side of the film  
w = the mass rate of transfer 
JL s the latent heat of vaporization  
From  Equation (11)
<15)
and if  3 « 3 ^ f  f * * - , £ * )
F ro m  (12) and (15)
£ cL (p =  8.0eL(3-J S in  Ip <1 3 .V  3* <Los(?<J$
(16)
X  *
Now let 2, ( -  ty 1* -  • g '  (1^)
Then from  (16)
5/4  S \N ($  — * +  C o S  -  O
cL
Equation (17) is a linear d ifferentia l equation whose solution is
Z , S s Z * 5 p  L z f $ ,N  i ~ ^ )  (19)
I f  no liquid drops on top of the tube, when » 0, the film  thickness
9ac is fin ite and hence z j is fin ite . Then the constant C must be zero, 
and
z ' m ( i f ,  S n / (20)
Graphical integration of the integral $  between
lim its  ( (  m 0 and gives the value 3.42$.
(Recent evaluation  ^ * Vby gamma functions has shown the value to be 
3.4495 - 0 .0002, but this makes only a slight difference in the re ­
sulting equation giving a constant of 0. 728 as compared to Nusseit*s 
0. 725.)
F ro m  (17)
(21)a.»
The local coefficient at angle is
k - . -- J j j L -  (221
*  3.0 f r y  - j f « )  (22)
By integrating fro m  (Qt to the mean coefficient is obtained.
L  W V *  w c & F v i J  ~ « r
\  r
Substituting the value for \P from  (21) and integrating graphically
(23)
P T  A. H i*  <i-
(24)k rn  '  \ / - * X
'  sUf  7> ( iy  - iy , )
The physical properties are the average properties for the film  and 
should be evaluated at the f ilm  tem perature, t|.
i f *  -  34  (25)
as shown by Drew , ty is the saturated vapor temperature and A t  
is the tem perature drop across the film . It is to be noted that this 
equation takes into consideration only the heat of condensation, ignor­
ing that heat which may be given up by the cooling of the film  of 
condensate or any superheat of the vapor. A correction for this fault 
may be made, but in most cases the correction is of such small 
magnitude as to be negligible. Another point to be kept in mind is 
that the f ilm  of condensate must flow downward in streamline motion
if  the equation is to be s tric tly  applicable. The above equations can
u rbe put into dimensionless form  including the Reynolds Number ( - j r  ) 
where P * ; w being one half the mass rate of flow and L  the
length of the horizontal tube where the equivalent diam eter is equal 
to four tim es the film  thickness. This equation is
Each of the conditions imposed by Nusseit in his derivation  
must now be studied with reference to a binary system to see whether 
his equation can be expected to hold true for calculations of film  
coefficients of heat transfer for binary systems forming a single 
liquid phase. Condition Number 1 ‘ that the temperature of the liquid 
must be the same as the wall temperature at the wall surface and the 
tem perature at the surface in contact with the vapor the same as the 
vapor tem perature" requires careful study. This assumption was
11
made simply to obtain the tem perature drop across the film - The 
derivation does not depend on the identity of the vapor side tem pera­
ture of the film  with the vapor tem perature. This assumption m erely  
served to establish the vaporside film  tem perature easily for pure 
compounds. Hence the assumption may be modified to ’’the tem pera­
ture drop across the f ilm  must be d e te rm in a b le .C e r ta in ly  the 
tem perature on the w all side of the f ilm  is very near that of the outer 
surface of the w all. However, the evaluation of the temperature on
the w all side of the film  is much m ore complicated in the case of
(41binary vapors* Colburn and Brew  ' have studied the problem, by
relating mass and heat tran sfer. Their work is summarized in the
following paragraphs with the nomenclature changed to the generally
accepted symbols as appear in more recent lite ra tu re . The
theory infers that between the interface and the main vapor stream
there exists a layer of vapor that is stagnant or in stream line flow.
(F ig . No. 1). A t points w ithin the f ilm  or layer of vapor, the m olal
rate of transfer of the m ore volatile component toward the interface
in the case of equimolai counter diffusion is given per unit area as
Na * -D .,dcA  .  -D v dp a (27)
ds RT da 
c 3 concentration, (m o ls /ft.
Dv = m olecular diffusivity in gas (ft. /h r)
= rate of diffusion (m ols /hr) 
p * partia l pressure of m ore volatile component (atm)
R 2 Gas Constant (ft. ^)(atm )/(lb  m ol)(°R )
T * Absolute tem perature, (°R )
z s distance in direction of diffusion, ft
12
FIGURE I
TEMPERATURE AND CONCENTRATION 
GRADIENTS FOR A CONDENSING 
MIXED VAPOR
CD
13
Equation (27) may be integrated to give
N n *
•R-r* (28)
This equation expresses the resistance to mass transfer due to 
m olecular diffusion alone* However, another factor, eddy diffusivity, 
is involved which is also proportional to the partia l pressure gradient. 
Since the effect of m olecular diffusion and eddy diffusion cannot be 
separated at the present tim e, a coefficient lumping them together is 
commonly used as defined by the following equation*
where is called the mass transfer coefficient. In  the case where 
eddy diffusivity is very  large as compared to the molecular diffusivity
In the general case of condensation of binary vapors the mass 
transfer to the interface between vapor and liquid is brought about by 
diffusion through the "so called" stagnant film  and bodily transport due 
to condensation. The above may be expressed m athem atically by the 
approximate equation
Where the f irs t  te rm  on the right represents the rate of diffusion 
and the second the bodily transport. The fact that therm al diffusion 
is neglected as w ell as the effect of component B on the mass diffusion 
is a lim ita tion  of the above equation.
n a  : kg<Pi-P8> (29)
then kg_ ie seen to approach the value D„ / ft fa..
NA  * ”k*  *  2 ?  + <Na + NB)yA (30)
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Equation (30) can be integrated between the lim its  a  • O 
and a -  B , y>jf • J*\i and * J z i to give
{H n + *b ) ■- \  f  In Z ^ S L l^ i | (3i)
' /V*f A/® /
A t the eondeneate vapor interface, and N g moles are at a tem per­
ature tj^ Assuming that the enthalpies of the pure components in both 
the liquid and vapor phases are  additive, the latent heat of the m ixture
} k N» < ^ V  ( \ e  -  kj t J
(32)
where ^  is the heat erf condensation and h^ is the enthalpy of the 
saturated vapor and hj is the enthalpy of saturated liquid. The 
m oial enthalpies are  evaluated at Colburn and Drew neglected 
the heat of mixing for non-ideal solutions to sim plify the equation.
If  it  is fu rther approximated for simplication that the m olal latent 
heats of the components are  equal then q^ * (Na  4 Nb ) A.m where 
is the mean m olal latent heat of the components.
The heat flux which a rrive s  at the interface as sensible heat 
is the result of the cooling of the main stream of vapor and the cooling 
of the 4 N3  moles per hour which are  condensing from  the 
tem perature of the vapor stream  to the temperature at the interface. 
The sum of these two is expressed in term s of the heat transfer co­
efficient h. Since the flow of m atter across the film  w ill convey heat 
bodily, it  must be considered in arriv in g  at an equation to express the
15
amount of sensible heat a rriv in g  at the interface* Therefore
In  the above equation it  is assumed that no condensation takes place 
within the f ilm . The f irs t  te rm  fakes info consideration the heat 
flux across the vapor layer arising from  the local temperature  
gradient* The second te rm  in  the equation takes into consideration 
the heat carried  by mass tran sfer. Of the quantities expressed in 
Equation (35) above, only £  varies with £  and integration results 
in
where C0 -  1 |K  C N0 C ^  and CpB are m olal heat
P ' ' k x 6 ^ f { ^ Cr « + C? * ) (  *  '  t i )
(34)
capacities.
F ro m  Equations (31), (32), and (36)
N*+N&
where ^  is the total heat effect.
The values h and kg may be evaluated from  the following
relations
(36)
(37)
16
where G and G _  are the mass rate of flow and m olal rate of flow  m
respectively and f, the dimensionless fric tio n  facto r. The j  factors 
are found to approxim ate f /2  experim entally fo r certain  sim ple 
stream line shapes,
Johnston and F ig fo rd  ^  ^  report the follow ing equation to 
give excellent results when working w ith b inary m ixtures in  a wetted 
w all column*
JD S 0. 033 Re ”°*23 (38)
Since the m olar rate of condensation is  usually known, the 
value o f N a  m ay be determ ined by solving Equations (31) and
n a + n b
(37), I f  we le t X a *  N a  and express Equation (31) in  exponen­
tia l fo rm  we have
n a + n b
c ~ ^ * 6 « l 0 3 P ^  B  (39)
'  *
° r  x  . <40>
/ - £ ■
The value of yv and y  ^ lies  between zero and unity. Since (N ^+N g) 
is positive i f  condensation is taking place, E^ must also have a value 
between zero and unity*
I f  the value of E is one as if  is  when no condensation takes 
place, then Equation (39) shows that y^  would equal yv and if  there  
w ere any condensate, it would be in static equilibrium  with the m ain  
vapor stream . This condition would be approached if  only a very
17
sm all amount of the to ta l flow  of vapor was allowed to condense. A t 
the other extrem e where E is aero or approaches zero due either to 
the la rg e  amount of condensate or to the operating conditions which 
make the facto r kg very  sm all* Equation (40) shows that would 
equal yyt or in  short, bulk flow  would explain the mass tran sfe r.
In  this w ork, the re a l question is the establishm ent of the 
tem perature at the in terface. In  the case where E has a value of 
one, then the condensate is in  static equilib rium  w ith the vapor 
and the tem perature of the in terface must approach or equal that of 
the m ain vapor stream  provided there is no superheat. In  the other 
case, where E is equal to or approaches zero and the composition of 
the condensate approaches that of the m ain vapor stream , the 
tem perature a t the in terface would be that at which the solution of 
that composition would exist at the given pressure o r, in  short, its  
norm al boiling point* The lim its  of the tem perature of the interface  
would then be the boiling point of a solution and the dew point of the 
vapor of the same composition depending upon the method of opera­
tion . Between the lim its  described above, the tem perature of the 
in terface could be established making use of mass tran sfer data. 
W ith the tem perature at the in terface known, the tem perature drop 
across the film  of condensate could be established fo r use in  
N usselt’s equation.
The second condition set forth  by Nusselt "That the velocity
13
of tho film  a t the w a ll surface m ust be zero , and the film  must cling 
to the w all; and the surface of the film  in  contact w ith the vapor must 
he under the same pressure as the vapor** certa in ly  applies as w ell 
to b inary liqu id  solutions as to pure liquids.
The th ird  condition "that the heat passing through the film  
is  that of the latent heat of condensation*1 applies as w ell to b inary  
solutions as to pure liquids provided there is no appreciable super­
heat and that the latent heat of condensation is evaluated from  an 
enthalpy-concentration diagram . This diagram  shows the enthalpy 
of a m ixture as a function of tem perature and composition. (See 
F ig . Nos. 27 and 28 in  Appendix). Thus, if  we know the composition 
of a liquid  and the in itia l conditions of tem perature and phase at a 
constant pressure and the fin a l conditions of tem perature, the change 
in  enthalpy can be read easily fro m  this diagram . The accurate 
construction of this diagram  calls fo r data which is not too prevalent, 
but approxim ations can be made to a llev ia te  this shortage of data. 
This change in enthalpy may be thought of as a ”latent heat of con­
densation*' although it  is not actually such. .As fa r as the Nusselt 
Equation is  concerned, the use of latent heats is to sim plify the 
determ ination of the to tal heat tran sferred  and the s tric t usage cf 
the latent heat is not a lim ita tio n  so long as a co rrect value fo r the 
to ta l heat tran sferred  ie used.
I f  the operating conditions are such that the velocity of the
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vapor past the film  of condensate is w ith in  the bounds established by 
Nusselt and the ra te  of condensation is such that stream line motion 
p rev a ils» then the rem ainder of N usselt*& stipulations should apply 
equally w ell to b inary solutions as to pure compounds.
prediction of heat tran s fe r coefficients fo r b inary vapors that form  
a single liqu id  phase since the soundness of the equation fo r pure 
compounds has been proven by many investigators.
Other Considerations
It  has been shown that the Nusselt Equation should be usable
in the prediction of the film  coefficients of heat tran sfe r fo r the con* 
densation of b inary vapors that fo rm  a single liquid phase. How­
ever the obstacle to its  use is the absence of the necessary physical 
data needed fo r its  solution. There is a shortage of the necessary 
physical data fo r solutions, but there is adequate data available fo r 
the pure components of most solutions. The obvious hope then is 
to apply some weighted average to the properties of the pure compo­
nents.
independent of tem perature over short tem perature ranges which 
tends to im prove the hope of determ ining the film  coefficient of heat 
tran sfe r fo r condensing b inary vapors that fo rm  a single liquid
It  appears then that N usself's Equation should apply in  the
Using the best data available, F l itc r a f t^  and Rhodes and 
Younger^  ^  found that the group
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phase since there is usually a wide varia tio n  of tem perature w ith  
composition of a b inary system . Latent heat of condensation need 
not be considered since it  is  p ra c tic a lly  a lin ear function of composi­
tion.
The question now arises ais to what can be done to determ ine  
an average value fo r the aforem entioned group. Obviously,, the 
problem  can be separated into two parts, properties fo r ideal solu­
tions and properties fo r non-ideal solutions.
There is a lim ited  amount of data on therm al conductivity 
as a function of composition of b inary solutions. I t  must be pointed 
out that m ost of th is m eagre data is of doubtful accuracy as pointed 
out by Sakiadis and C oates^*^. However, it may serve to illu s tra te  
the problem s at hand.
B efore going fu rth er, a thorough under standing of therm al 
conductivity is necessary since it  plays such an im portant part in  
determ ining the value fo r coefficients of heat tran sfe r as shown in  
Nusselt*s Equation. Th erm al conductivity may be thought of as one 
of the transport properties of a substance. These properties include 
d iffus iv ity  and viscosity. Th erm al conductivity is a property which 
is tem perature dependent. Numerous attem pts have been made to 
re la te  th erm al conductivity to the m ore commonly used and easily  
obtained physical p roperties . Th is approach has not been en tire ly  
satisfactory up to the present tim e fo r the equations which have been
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developed though rigorous ere not useful to r they are so com plicated.
(XI)However, P alm er has im proved a semi -e m p iric a l relation  to tie  
in therm al conductivity to other physical properties*
•d- O.OS + 7  rfm (Vr) (41
Cp *  specific heat (g. cai. /g ra ra -°C ) 
k *  therm al coaductivityfCal. / sec. -cm ? -° C /c m .) 
m » m olecular weight 
T *  boiling point (°K )
A. 9  latent heat of vaporiaation(Cal. /m o l)
/ *  9  density (g /cc)
This equation was found to hold fo r 4$ liquids w ithin £ 3. 8%.
The las t part of the equation ( A ./T ) warrants discussion here since 
it  was introduced by P alm er to show the effect of hydrogen banding 
on th erm al conductivity. He noted that for liquids that were hydro­
gen bonded, such as w ater and m ethyl alcohol, the therm al conduc­
tiv ity  was abnorm ally high compared to that expected on comparison 
with substances of like m olecular weight. The entropy of vaporisation  
was chosen to show the effect of hydrogen bonding. The va lid ity  
of this b e lie f was enhanced by application of this te rm  for it  im proved  
the accuracy of the equation from  1 23% to the present £ 3. 8% for 
the 48 substances fo r which experim ental data were available.
P alm er went fu rther in the study of the effect of hydrogen bonding 
on therm al conductivity and by studying a homologous series proposed 
that fo r w ater 80% of the heat conducted was due to the presence of
22
hydrogen bonds and lo r  m ethyl alcohol 32%.
Perhaps* the reasoning in the foregoing paragraphs may be 
applied to the case of b inary solutions. I t  would seem reasonable 
to expect that on m ixing two substances which fo rm  an ideal solution* 
that each would contribute an additive p art to the th erm al conductivity 
of the solution. F u rth erm o re if  appears that a plot of therm al con­
ductivity versus composition gives m ore n early  lin ear relationships  
if  the composition is handled on a weight per cent basis ra th er than 
on a m ole per cent basis. Data fo r the three systems studied in this  
w ork are  not available* but data fo r s im ila r systems a re  available  
over a lim ite d  tem perature range. Also* it  m ust be strongly empha­
sized that the values fo r th erm al conductivities herein  used are  
highly questionable but it  is hoped that the re la tive  effect of composi­
tion  is not too greatly  in  e rro r .
^  F ro m  the foregoing discussion* it  m ight be expected that 'f 
th erm al conductivity fo r an ideal b inary solution may be determ ined  
fro m  averaging values fo r the pure components on a weight basis.
In  order to check th is assumption* data fo r a system such as benzene- 
toluene should be used. Unfortunately* that data is not at present 
exlstant, but th e re  is some data fo r the ethanol-m ethanol system* 
which is a very  nearly  ideal system . (F o r a discussion of the 
reasons fo r non-ideality  in solutions see Gautreaux1 S'A Therm o­
dynamic Analysis of C orrelations fo r V apo r-L iq u id  E q u ilib ria  in
FH1
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N on-Ideal S o lu tio n s ^ . A  plot of th is data at 68°F  shows only a very  
slight deviation fro m  lin e a rity  (F ig . No. 2), However, the p lo t fo r 
ethanol-w ater shows a greater departure from  lin e a rity , and w ith  
benzene-acetic acid, the departure is extrem ely great, and fu rth e r­
m ore a m inim um  is reached a t approxim ately 40 weight per cent 
acetic acid . The plot fo r a c etone -  w ater shows the same general 
tendency of departure from  lin e a rity  w ith the indication that at high 
weight concentrations of acetone, the effect of the acetone on the 
th erm al conductivity tends to lessen. It  seems then that the therm al 
conductivity of a solution is  dependent on the degree of id eality  of 
the solution. Since it  has been proposed that therm al conductivity is 
to some extent dependent on hydrogen bonding and since hydrogen 
bonding has been found to be a very  great factor in  the behaviour of 
solutions as fa r  as id ea lity  is  concerned, it  is  not surprising that the 
above noted behavior of th erm al conductivity in  solutions is the case. 
Q ualitatively, th is behavior m ight be explained as fo llow s. The 
therm al conductivity of associated liquids is found to be abnorm ally  
high. Now if  some substance is  introduced which causes a decrease 
in  the association of the m olecules of the substance, then not only 
should the o v era ll therm al conductivity fo r the solution be changed 
due to the presence of the foreign m olecules as such but the additional 
effect of th is dissociation should be apparent. C erta in ly  this m ight 
explain the case fo r the system including w ater discussed above; and
25
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by analogy i t  should certa in ly  hold fo r the systems used in this work 
substituting m ethyl alcohol, an associated liquid , though not to such 
a high degree as w ater, fo r w ater. S im ila r plots fo r densities and 
viscosities of the above solutions {F ig s . 3 and 4) show the same 
general tendency as that noted fo r the th erm al conductivities.
F o r the three systems fo r which data are  availab le, a plot 
was made of ^ ^  I  versus Composition (F ig . No. 5).
7  f * V f c ] *This plot shows that the group ^ ^  J  is  very nearly
Unear fo r the systems which do not contain a highly associated
liquid , but fo r the w ater-ethanol system, a great deviation from
lin e a rity  is noted. To be sure this computation was carried  out at
a low tem perature but lack of sufficient data was the lim ita tio n .
The systems used in  this w ork are  isopropanol-m ethanol,
reported by T ra c h te n b e rg ^ ^ , acetone-m ethanol, and benzene-
m ethanol. The choice of these components aUows the effect of
various classes of substances on an associated substance to be
studied as fa r as heat tran sfer coefficients a re  concerned. The class
(61of the substance re fe rre d  to is  that given by E w ell et a l ' in  his
qualitative discussion of id eality  of solutions.
Class X - Liquids capable of form ing 3-dim ensional networks 
of strong hydrogen bonds e. g. w ater, glycol.
Class XX -  Liquids composed of m olecules containing both
active hydrogen atoms and donor atoms (O , N , F I) 
e. g.alcohols, acids.
Class U I -  Liquids composed of m olecules containing donor 
atoms but no active hydrogen atoms e. g. ether, 
ketones, aldehydes,
Class IV  -  Liquids composed of m olecules containing active  
hydrogen atoms but no donor atoms e. g. C H C L ,
c h 2c i2 .
Class V  * A ll other liquids having no hydrogen bond form ing  
capab ilities.
According to this grouping, methanol is a Class 11 compound, acetone 
a C lass 111 compound, benzene a Class V compound, and isopropanol 
a Class XX compound. The significance of this classification is to de­
term ine the effect upon m ixing. When benzene and methanol are  
m ixed, according to E w ell, the predom inant effect is  to break hydro­
gen bonds of the associated liquid and it  would seem to decrease the 
value of the th erm al conductivity. When acetone and methanol are  
m ixed, hydrogen bonds of the associated liquid are  broken, but 
additional hydrogen bonds between the unlike m olecules a re  form ed. 
The outcome is not pred ictable. It  depends upon which effect is  p re ­
dominant. When the two alcohols, methanol and isopropanol, are  
m ixed the outcome is again unpredictable.
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CHA PTER  IH  
PREVIOUS E X P E R IM E N T A L  WORK
A  search o l the lite ra tu re  has revealed that very  little  work 
has been published on heat tran sfe r coefficients of b inary vapors 
form ing a single liquid phase* Evidence of only two investigations 
was found, that of W allace and D a v ie o n ^ ^  and Hagenbuch ^  who 
have reported a  scanty amount of data on the ethanol-w ater system. 
The fo rm e r's  data was collected fo r condensation on a horizontal 
cy lin d rica l surface, and Hagenbuch1 s data is fo r condensation on a 
v e rtic a l cy lin d rica l surface. The data of these two investigators 
has been consolidated by McAdams^ and compared to a sem i- 
theoretical plot based on the weighted average of the film  coeffi­
cients fo r the pure components. The agreem ent is fa r from  good. 
A ctual computation of the theoretica l values fo r the film  coeffi­
cients cannot be made since the data fo r the various physical 
properties as a function of composition and tem perature is not 
availab le . How ever, data at one low tem perature (25°C ) has been
as a function of composition has been made and discussed (See Theory). 
The general shape of this curve is ju st about the same as that ob­
tained when W allace and Davison1 s data is plotted at constant
found in  the lite ra tu re  and the varia tio n  of the group
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tem perature drop across the film . (F ig . No. 6) Unfortunately, 
the data is fo r too narrow  a concentration range to draw any sound 
conclusions* Hagenbuch's data is even m ore scanty than W allace and 
Davison*s* but the two are  in  general agreem ent when converted to a 
common basis. W allace and Davison's data indicated to them  a 
general agreem ent w ith the conclusions reached by Colburn and Drew  in  
th e ir theoretica l study of the problem .
The condensing surface fo r W allace and Davidson's work 
consisted of a brass tube 36 inches long having an outside diam eter 
of 0 .3 4  inches. The tube was placed inside a steel jacket 3 inches in  
diam eter. Therm ocouples w ere imbedded in  the surface of the tube 
and therm om eters w ere placed in  the vapor stream . The vapor was 
introduced a t one end of the jacket and withdrawn at the opposite end. 
Cooling w ater flowed inside the tube and therm om eters m easured the 
in le t and outlet w ater tem perature. The liquid was heated and 
vaporised in  a b o ile r which was a steel drum  provided w ith a steam  
co il. Provisions w ere made to collect the condensate fro m  the tube*
A heat balance was made based on the tem perature rise  and the 
amount of w ater flow ing through the tube.
In  calculating the film  coefficient, it  was assumed that the 
composition of the condensate was equal to the composition of the 
liquid at the vapor-liqu id  in terface. By re fe rrin g  to the boiling point 
diagram  fo r the ethanol-w ater system, the tem perature at the in te r-
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face was assumed to be equal to the boiling point of the composition of 
the condensate. By evaluating the tem perature at the in terface, if  was 
possible to determ ine the film  coefficient of the m ixtu re .
In itia lly , the composition of the condensate was kept constant 
but la te r w ork was perform ed allow ing the composition of the conden- 
sate to vary , keeping the cooling w ater rate constant* The compost* 
tlon of the entering vapor approxim ated the composition of the
i
condensate w ith the varia tio n  seldom exceeding 2% and in  most 
instances less than 1%.
"Apparent” and "T ru e" film  coefficients w ere calculated.
The fo rm er w ere based on the tem perature difference between the 
vapor and the surface w hile the la tte r w ere based on the tem perature  
difference between the estim ated in terface tem perature and the sur­
face tem perature.
CHAPTER IV
APPARATUS
In  previous w ork, the author1 designed an apparatus fo r 
the determ ination of fiim  coefficients of heat tra n s fe r. Since part 
of the present w ork was to complete the testing and to adapt the 
apparatus to the determ ination of the film  coefficients of heat trans - 
fe r fo r condensing b inary vapors, a short discussion of the equip­
m ent w ill be given here. D etails of the apparatus are  shown in  
F igures 7, 8, 9. and 10. F igures 11 and 12 a re  photographs of the 
apparatus.
B rie fly , the apparatus consisted of a steam heated bo iler 
connected to a vapor jacket surrounding a 3 .908" copper bar 36" 
long which acted as the condensing surface. The vapor jacket was 
connected to a condenser to take care of any vapor not condensed 
on the p rim a ry  condensing surface. Cooling w ater was introduced 
into both ends of the copper bar through specially d rille d  holes and 
rem oved at the opposite ends. A  system was provided fo r the co llec­
tion of condensate fro m  the condensing surface. The details w ill be 
discussed in the follow ing section.
As it  has been pointed out previously, any apparatus fo r 
•the determ ination of film  coefficients of heat transfer must provide 
an accurate means fo r evaluating the amount of heat tran sferred ,
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and the tem perature drop across the film  of condensate, A t, fo r a 
given heat tran sfe r a re a . O f these te rm s, the most d iffic u lt to eval­
uate accurately is the tem perature drop across the film  of condensate, 
fo r th is te rm  depends on the accurate determ ination of the tem perature  
of the condensing surface. F o r pure liquids, the tem perature drop 
across the film  is sim ply the tem perature of the saturated vapor 
minus the tem perature of the condensing surface, but w ith b inary m ix ­
tures it  is  the difference between the equilib rium  tem perature of the 
condensate and the surface tem perature . A fte r a carefu l study of the 
means availab le fo r m easuring surface te m p e ra tu re ^ ^ , it  was de­
cided to use therm ocouples.
In  deciding on the exact technique of installation  of the sur­
face therm ocouples fo r this p a rticu la r pro ject, the follow ing consider­
ations w ere kept in  m ind.
1. The junction should be as sm all as possible.
2. The junction should be as near the surface as possible.
3. The condensing surface at the junction should be as 
smooth as possible.
4 . The leads in  the im m ediate v ic in ity  of the junction  
should pasb through an isotherm al zone to prevent 
the conduction of heat to or from  the junction.
5. The insulation of the leads must be of a m ate ria l 
that resists  deterioration  due to the action of the 
m ate ria l being condensed.
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In  order to obtain a ve ry  sm all bead, 30 Gauge (B & S) 
constantan and copper w ires w ere selected. The insulation was of 
woven fib e r glass w ith silicone varnish* This ©mall w ire  allows the 
form ation of a very  sm all bead and © till gives sufficient strength.
E-ach therm ocouple was then calibrated, determ ining the electro** 
m otive force corresponding to a known tem perature . The value of 
the tem perature was established by the boiling points of pure ethyl 
alcohol, d is tille d  w ater, and pure hexane.
As mentioned previously, the condensing surface is a copper 
bar 3 .908  " in diam eter and 36" long mounted horizontally . A t the 
lowest point on the circum ference, a slot 1 /4" wide and 3 /8 "  deep 
was m illed  longitudinally along the surface and term inated 2" from  
either end of the b a r. Using a blunt pipe cutting wheel in  a lathe, 
a groove was ro lled  0 .142" on e ither side of the slot its  fu ll length* - 
This ro lle r  pushed up the m etal at its  edge© and le ft the m etal 1 /3 2” 
higher than its  o rig inal position. Then the m etal between the groove 
and the slot w all was m illed  out 1 /8" deep to fo rm  a shoulder to serve 
a© a base fo r the cover p late. {See F ig . 7). A t one end, a hole 5 /16"  
in  diam eter was d rille d  through the rem aining 2" of m etal between the 
end of the slot and the end of the bar at such a depth that the bottom of 
the slot coincided w ith the edge of the hole nearest the center of the 
b a r. Thus the surface of the bar was unmolested between the end of 
the slot and the end of the b a r. F ro m  each point where it  was desired
/6 
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to locate a therm ocouple, a groove was ro lled  in  the surface of the bar
w ith the blunt cutting wheel along the circum ference to a point 1 /2 ”
y*, i
*Vfrom the slot. The depth of th is groove was 1 / 16“ w ith a ridge of 
m etal pushed up to e ither side of the wheel 3 /6 4" high. The width of 
the bottom of the groove was 0. 040” . A t the point where the junction  
was to be located, the groove was allowed to become m ore shallow
"■ V
until the l/$ 2 "  bulb bare ly  rem ained below the surface. A  hole 5 /6 4 “ 
in d iam eter was d rille d  through the rem aining 1 /2 “ of m etal between 
the end of the groove and the slot in  such a manner that the very  
bottom of the groove was connected to the very bottom of the slot.
The next operation was to im bed the therm ocouples.
The thermocouples w ere then laced through the slot into the 
groove. A  thoroughly cleaned piece of copper w ire  was then la id  
over the thermocouple w ire  and the m etal forced up by the wheel was 
peened over the therm ocouple junction and lead w ire . The additional 
copper w ire  served as a f i l le r . The surface was somewhat roughened 
by the peening but the thermocouple w ire  and the additional copper 
w ire le ft the peened surface higher than the unmolested surface a llow ­
ing this roughness to be smoothed w ith a file  and fine em ery paper. 
This operation was repeated w ith each therm ocouple. When the 
smoothing operation was completed, each thermocouple could be b a re ­
ly  detected in  the copper surface due to the contrast in  appearance of 
constantan and copper. Thus the thermocouples w ere located at or
40
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near the surface, the leads departed through an iso therm al &one, and 
the surface at the installation  was smooth and v is ib ly  undisturbed. It  
should be mentioned here that in  the makeup of the therm ocouples care  
was taken to insure that the insulation on the copper and the constantan 
w ires was in tact righ t up to the 1 /3 2 ” bulb form ing the junction. Th is  
insulation was fib e r glass covered w ith silicone varn ish . Thus the 
tem perature of the bulb is the tem perature m easured as the surface 
tem perature.
In  order to complete the isolation of the thermocouple leads 
fro m  the vapor, the slot was sealed. This was accomplished by fittin g  
a 1/8'* copper s trip  snugly over the slot on the bearing surface p re ­
viously prepared. Th is operation was completed by peening down the 
m etal pushed up by the cutting wheel in preparing the slot.
To test the effectiveness of the seal obtained, the bar was 
submerged in  w ater while m aintaining the slot under a ir  pressure of 
4 PSIG . Some bubbles appeared but w ere read ily  stopped by fu rther 
peening. It  can be said then that the seal was effective.
The w ire  em erging from  the bar was le ft free  fo r connection 
to a 10 point switch and thence to a vacuum bottle to contain an ice 
bath fo r the cold junctions. The exposed portion of the w ire  was 
protected by encasing it in  protective tubing leading to the te rm in a l 
block of the m ulti-po in t switch. The cold junctions w ere insulated 
fro m  each other by covering w ith fib er glass tubing and then were
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wrapped together with rubber tape as a waterproof protection. The 
cold junctions could then be introduced into the ice bath.
In  order to obtain the vapor tem perature, a thermocouple 
installation was made in  the b o iler. A  thermocouple w ell was made 
by brazing a 9 H sealed length of 3 /16" copper tubing to a 1 i Z u pip© 
plug which was in turn screwed into the vapor space of the bo iler.
The tubing was bent downward so that o il might be retained in the w ell 
although i t  was mounted horizontally. The length of the w ell was such 
that i t  is fe lt  that the conduction of heat from  the location Of the June* 
tion to the bo iler w a ll is negligible. The thermocouple was connected 
to the m ulti-po int switch and its cold junction assembled with those 
of the surface thermocouples.
A  m erc u ry -fille d  therm om eter was installed in the vapor 
jacket as an aid in maintaining a constant composition when working  
with b inary systems, fo r a constant vapor tem perature indicates a 
m ixtu re  of constant composition, pressure rem aining constant.
Two means are  available for determining the amount of heat 
tran sfe rred  fro m  the vapor to the cooling flu id . One is to base the 
determ ination on the change in tem perature of the cooling medium  
at a known rate of flow if  specific heat data are available, and the 
other is to base the determ ination on the amount of condensate collec­
ted fro m  a given heat transfer area if  latent heat data a re  available.
In  the fo rm er method, with low flu id rates and small tem perature
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changes, ve ry  precise measurements of tem perature are  necessary if  
any degree of accuracy is to be obtained. F o r example, fo r a change 
of tem perature of 10°F, fo r accuracy of 1%, readings acc^Sate to 
0 f 1°F must be made. This in itse lf is not an obstacle, but experience 
with this particu lar apparatus shows that even with the care taken to 
m aintain a constant rate  of flow of cooling flu id, variations of 0 .4 °F  
w ere noted within a period of approximately a  minute. However, by 
m easuring the weight of condensate collected from  a given area and 
making use of latent heat data very  accurate results can be obtained. 
The condensate can be weighed within 1 gram  in 1000 grams, which 
is an e rro r  of 0.1% . The problem  then is to collect the condensate 
accurately fro m  a.given area . Due to the fact that the copper bar 
must be suspended fro m  either end there is the possibility that heat 
may be conducted to the surroundings and that condensate from  the 
suspension system may mingle w ith that from  the desired area . To  
prevent this undesirable effect, it  was decided to collect the conden­
sate fro m  the central 27 15/16” of the 36” bar allowing the condensate 
fro m  the 4” end sections to drip  back to the bo iler. To achieve this 
resu lt, special rings w ere constructed to separate the areas. These 
rings were made from  1 /4 ” brass stock. The outer surface of the 
ring was grooved to a depth of 3 /1 6 ” in a ”V ” shape. This ring was 
placed on the bar with the center of the ring over the point 4 ” from  
the end of the bar. A  trough constructed of thin copper sheets was
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placed in  the bottom of the vapor jacket so that the ends of the trough 
w ere located just below the deepest portion of the f,V H~cut of the ring. 
Thus a split of the condensate was obtained between the end sections 
and the central section. A  visual check through the sight glasses of 
the vapor jacket shows that the split does occur sharply and that a ll 
the condensate from  the desired section is collected in  the trough.
The condensate was seen to follow the surface of the bar to the lowest 
section of the bar and not to drop off before this point was reached.
A  piping system allows this condensate to be collected and weighed 
or to recycle to the b o ile r. Speculation that the vapor might be of 
a quality less than 100% was discounted by checking the heat transfer 
by measuring the condensate against that of the cooling water and 
finding agreem ent w ithin approxim ately 2% with that of the water being 
the higher. To protect the bar against impingement of the vapor from  
the bo iler and therew ith any droplets of liquid* baffles w ere placed 
over the vapor in le t ports for the end ducts. The central duct was un­
impeded since it  was fe lt that the presence of the condensate trough 
served the same purpose for that particu lar duct. I t  might be noted 
that the placement of the end ducts was such that the area contacted 
by the d irec t stream  of vapor from  the boiler was that area excluded 
fro m  collection of condensate. S im ila rly  fo r the ducts to the conden­
ser, the placement was such that any condensate dripping back u^ould 
fa ll  on the area  excluded from  collection of condensate in the case of
the end ducts. However* fo r the middle duct# a copper baffle 3" wide 
supported half way between the top of the vapor jacket and the bar on 
a brass w ire  fram e was constructed. Th is shield extended downward 
fa r  enough to insure that any drip  fe ll free of the copper bar. As for 
condensate on the inside of the vapor jacket* no difficulty was en­
countered. In  w arm -up periods* the condensate followed the surface 
of the jacket to its lowest point before dropping off. A fte r insulation 
was applied to the jacket* very  lit t le  condensate was seen to collect 
on the inside of the vapor jacket w all.
When the condensate was removed fo r weighing it  had to 
be cooled to room  tem perature to prevent evaporation losses.
This cooling was accomplished by use of a sm all heat exchanger con­
structed of 1 /2" copper tubing with water as the cooling medium.
The condensate was collected fo r tim ed periods in half-gallon jugs. 
The outlet fro m  the cooler was connected to a loosely fitting 3 /8 ” tee. 
To each end of this tee, about 2" above the mouths of the jugs# a 6" 
nipple was screwed. Thus by pushing downward on the nipple, the 
flow of condensate could be changed instantly to either of the jugs.
The jugs w ere fitted  w ith loosely fitting copper covers to prevent ex­
cessive evaporation losses. Thus an accurate means for collecting 
the condensate was provided.
The boiler was constructed fro m  a 36" section of 12" stand­
a rd  steel pipe. One end was sealed completely by welding on a 3 /4 "  
steel plate. The other end was provided with a flange and a removable
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head, Vapor ducts w ere IhofaHed a t  shown (F ig , 8), The heating 
element was orig inally  composed of throe sections of 1” standard
ft
steel pipe fabricated as shown. However, using the liquids with low 
latent heats of vaporisation, the m inim um  rate  of heat transfer to 
the liquid in  the bo iler proved too great, and one of the sections had 
to be removed. Even this did not obtain the desired results, and 
the system of maintaining a pressure slightly above atmospheric 
pressure by means of a pressure reducing valve and trap had to be 
abandoned. Instead, the trap was taken off, and a globe valve put in  
the line just downstream fro m  the pressure reducing valve. The out­
le t from  the coils was put under a liquid seal provided by the con­
denser water and by adjusting the valve, the proper amount of steam  
was bled in  to give the desired heat transfer. The use of the pressure  
reducing valve just ahead of the adjusting valve proved to be a very  
desirable feature in  maintaining a steady rate  of heat transfer.
F o r  this particu lar work, I t  is most important that, steady 
state conditions be m aintained. Certain features were incorporated  
into this apparatus to attain  this desired end. F irs t , of course, a 
constant flow  of vapor to the condensing surface is necessary. As 
mentioned above, this constant flow of vapor was attained by 
maintaining a constant heat input to the b o iler. Othmer and Whit*^ 
devised a scheme fo r obtaining isotherm al conditions over the length 
of a cy lindrical condensing surface by using the counter flaw  of a
coolant through the cylinder. Features for obtaining this counter flow  
are  evident in the accompanying drawings {F ig . No. 9 ) and further 
discussion m ay be found in  a previous work of the a u th o r^ ^ . Not 
only must there be a counterflow of the coolant, but the flow in each 
leg of the system must be uniform  and equal. This constant flow was 
obtained by use of a constant head box to overcome the fluctuations 
in  the pressure of the city m ains. In  order to be able to check this 
equality of flow, m anometers w ere installed in each leg of the system* 
The use of the city w ater supply with a constant head box obviously 
lim its  to a ra ther narrow  degree the variation in  the quantity of heat 
which m ay be removed. This lim ita tion  was undesirable when w ork­
ing w ith organic compounds of widely different latent heats since 
approxim ately equal tem perature drops across the film  of condensate 
were desired and this could only be controlled by variation of the heat 
removed by the coolant.
Therefore it  was necessary to vary  the tem perature of the 
coolant. A  means was provided fo r both heating and cooling the water 
before it  was introduced to the constant head box. The water was 
heated and maintained a t the desired tem perature by use of a Sarco 
"B le n d e r.” Th is  "B lender”, a com m ercial device, allowed the 
tem perature to be controlled w ithin 1  1°F and m ostly even better 
than that. F o r  obtaining tem peratures lower than those prevailing  
in the city mains, a re frigera tion  unit was used. This unit was not
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FIGURE 11 
VIEWS OF THE APPARATUS
Above: The Complete Apparatus
The Condensate Collecting System
FIGURE 12
A VIEW OF THE APPARATUS BEFORE INSULATING
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quite large enough to m aintain a constant tem perature of the coolant 
during an entire run, but the d rift upward in tem perature wag only 
about 4 ° F .
To show that the desirable design features were attained 
the following experim ental evidence is offered. F irs t , the reasons 
fo r using the standard Tem perature * E lectrom otive Force relation­
ships fo r copper-constantan thermocouples as published by Leeds 
and Northrup w ill be discussed. AH the w ire  from  the therm o­
couples used was cut from  the same spool which should make fo r  
uniform ity among thermocouples. Six of the thermocouples were 
tested in  cooperation with Orr^ according to his procedure using 
norm al hexane, ethyl alcohol, and d istilled  water to establish the 
p rim a ry  tem perature. The average deviation was -0 , 3°F for the 
six thermocouples. I t  must be pointed out that the insulating w ell 
used in this testing was a thick walled glass tube which could have a 
bearing on this low tem perature finding although if  would not in the, 
least affect O r r ^  uses. The remaining thermocouples were tested 
against one of these six and the deviation was found to be zero when 
averaging the values fo r a ll the thermocouples. A ll of this testing 
was done p rio r to the installation of the thermocouples on the con­
densing surface. To be accurate, the thermocouples, of course, 
should be calibrated in place, but no means were available to carry  
out this calibration. Since the results of this quasi-calibration
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showed results only slightly lower than that expected in tem perature  
determ inations (about 0 . 1°F ) and since there was a possibility of a 
slight change la  characteristics of the thermocouples upon Installation  
and since the tem peratures obtained by the thermocouples would be 
avers ged to obtain the surface tem perature, it  was decided to use the 
standard Tem perature-E lectrom otive Force relationship rather than 
a calibration curve of doubtful value* In  order to check the tem pera­
ture m easured by the various thermocouples one against the other, the 
following scheme was used. W ith the "blender", the temperature of 
the coolant could be made the same as that of the vapor surrounding 
the condensing surface. W ith the apparatus in operation, the tem per -  
itu re  of the coolant was raised gradually until the last signs of con- 
iens&tion were observed. The tem perature of the coolant was then 
.owered slightly until a very  thin film  of condensate appeared. This 
’ilm  was so thin that only a very  few drops of condensate were seen 
o fa ll from  the surface. The tem perature measured by each couple 
ras then recorded a fter allowing a reasonable tim e fo r equilibrium  
o be established. The results are  here recorded.
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Thermocouple No. Electrom otive Farce  Tem perature (°F )
0 2.370 136.0
1 2.373 136.1
2 2.374 136. 1
3 2.369 136.0
4 2.376 136.2
5 2.371 136.0
6 2.370 136.0
7 2.376 136.2
8 2.377 136. 2
9 2.372 136.1
10 (Vapor Space) 2. 374 136.2
(F o r  Thermocouple locations see F igure No. 7}
The consistency of the readings further verifies  the valid ity of using 
the standard Tem p era tu re -E M F relations.
To show that steady •state conditions were obtained, a 
typical "run” is cited. This HrunM was carried  out over a period of
25 minutes.
Thermocouple No. Tem perature (°F )
A t start of operation A t end of operation
0 154.8 155.8
1 156.8 157.0
2 157.6 158.1
3 158. 1 157.6
4 158. 1 158.4
5 159.2 159.2
6 159.6 159.9
7 158.2 158.7
8 159.0 159.5
9 159.0 159.4
10 (B o iler T e m p .) 176.7 -
s^e Surface Tem perature 158.0 158.4
This constancy of surface tem perature indicates the uniform ity of
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operation over the tim ed period. As described so fa r  the equipment 
was fo r use w ith pure compounds. The use of mixed vapors, how­
ever* introduced one other problem .
This problem  came about as a result of the fact that as 
a solution is boiled, the composition is changed (azeotrope excepted, 
of course). This change in composition brings about a change in 
condensing tem perature which is undesirable in this work. So, the 
following adaptation of the equipment was made. It  was thought that 
steady-state conditions could be attained if  a constant holdup of con­
densate was made and as much solution fed back to the boiler as was 
removed fro m  the bo iler. This called for a metering device for 
establishing the feed rate  through tr ia l and e rro r . F o r this purpose 
a rotam eter was placed in the feed line. The use of this rotam eter 
along with the proper technique of operation to be described later 
brought about satisfactory results.
CHAPTER V
E X P E R IM E N TA L WORK
The choice of the systems to b© used in this work was d ic­
tated by two p rim ary  considerations. F irs t , the components of the 
system had to have widely different heat transfer coefficient®. 
Secondly, systems w ere chosen fo r which vapor-liquid equilibrium  
data w ere available, fo r obvious reasons. A  contributing factor to 
the choice was the desirab ility  of having refractive indices widely 
different fo r the pure components of a system in order to use the r e ­
fractive index of a solution fo r establishing its composition. F u rth e r­
m ore, the systems chosen should have no adverse effects on the 
experim ental equipment and should cause a minimum permanent 
deposit on the condensing surface. Other considerations discussed in 
the Theory Section along with the above point® led to the choice of 
methanol-benzene and methanol-acetone solutions.
Reagents
Obviously, the purest reagents obtainable should be used in  
any experim ental w ork. However, due to the large quantity necessary 
to operate this apparatus successfully, 10 gallons, it was decided to 
use com m ercial grade substance®. The comparison of the various 
re frac tive  indices with the l i te ra tu re  values for pure compounds as
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shown in  the following tables indicates that the difference is only slight,
Substance R efractive Index ^
L ite ra tu re  Experim ental
Methanol 1.3267 1.3268
Benzene 1.4967 1* 4942
Acetone 1.3566 1.3555
Isopropanol 1.3758 1*3710
Operating Procedure
Before any series of determinations was carried  out, the 
apparatus was thoroughly cleaned. Th is cleaning included the con* 
densing surface. I t  was necessary to dismantle one end of the appa­
ratus to clean the "bar11 or condensing surface. This cleaning was 
accomplished through the use of crocus cloth and soft rags. I t  was 
not necessary to remove the "bar" from  the vapor jacket. This  
cleaning was repeated when the "bar" appeared to be tarnished. Only 
when using the acetone-methanol system did appreciable deposits 
occur. This deposit was a fine, whitish powder, and it  was removed 
as soon as it  became visib le , about every three days. The remainder 
of the cleaning was accomplished by rinsing with sm all amounts of the 
substance to be used and purging with a ir .
The substance to be used then was poured into the boiler in the 
amount of approxim ately 6 gallons. This amount was enough to 
cover the steam coils during operation, which could be checked by the
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sight glass on the boiler* It  is im portant that the coils be covered to 
prevent any superheating of the vapor.
T o  begin the determ ination, the flow of water through each 
branch of the cooling system of the condensing surface was equalised 
at the desired rate to obtain any particular rate of condensation. I f  
a tem perature of the coolant higher than that of the city mains was 
desired, the "blender" was adjusted properly. If  colder water was 
desired, the re frig era tio n  system was adjusted to the proper level. 
A lso, the flow of water through the auxilia ry  condenser and the con­
densate cooler was regulated,
A ll  valves in  the vapor stream  from  the boiler to the 
au x ilia ry  condenser were opened and particu larly  the vent in the 
au xilia ry  condenser. The valves in the condensate line were adjusted 
to allow  recycling to the bo iler. Steam was then admitted to the 
heating coils to bring about boiling. During this in itia l warmup 
period, considerable vapor was fed to the auxiliary condenser to 
force out any a ir  in the system. The steam flow then was adjusted 
manually to give only a slight amount of condensate from  the auxiliary  
condenser. The amount of condensate was checked visually during 
warmup and was adjusted to about 50 m l. per 20 minute period.
This rate was maintained at such a low value to assure almost total 
condensation in the vapor space and yet to m aintain the system free  
from  a ir .  R igid control of the steam flow was necessary to maintain
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a constant flow ©£ vapor to the condensing surface* This control of 
the steam was d ifficu lt and modifications w ere necessary to get 
satisfactory results*
It  was necessary to prepare tine ice bath fo r the therm o­
couples at least one hour before a "run" was made. A fte r about an 
hour's "w arm  up*’ period, checks of the surface tem perature showed 
that steady*state conditions had been reached* Runs of 20-25 minutes 
then w ere made* F o r the pure components, the total amount of con­
densate fo r the tim ed period was collected and then weighed* How­
ever, fo r the binary m ixtures of non~a»eotropic composition, a 
different technique was used due to the change in composition of the
\
solution during prolonged boiling. In  this case, during both the w arm - A 
up and during the regular run about 1/2 gallon of the solution was 
maintained as holdup. By maintaining this hold-up constant and feed­
ing hack to the boiler the same amount of liquid as was boiled off per 
unit tim e , the composition of the vapors entering the vapor jacket was 
maintained constant. This procedure called fo r continual collecting, 
weighing, and dumping of the condensate, The feed-back rate could 
be measured by the rotam eter in  the line from  the feed tank to the 
bo ile r. The rate was a rrived  at through tr ia l  and e rro r  until the 
condensate collection was just equal to the feed-back. The success of 
this technique was proven by the analysis of small amounts of con­
densate collected periodically . The variation shown by analysis was
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©f the order of 0 .5  m ol per cent* This technique requires considerable 
effort on the p a rt of the operator. The condensate then could be 
weighed over any tim ed period*
During the tim ed run, the electrom otive force generated 
by each thermocouple was read at least twice by use of the Leed© and 
Northrop Type 1C Potentiom eter. Three samples of the condensate, 
a  collective sample of the condensate from  the aux ilia ry  condenser, 
and a sample fro m  the bo iler were taken during the run. Analysis 
was carried  out by use of the Abbe Refractom eter making use of a 
previously prepared re frac tive  index-composition curve. Analysis 
fo r composition in this manner gives a high degree of accuracy as 
shown by Gautreaux
The tem perature indicated by each thermocouple was ob­
tained fro m  a plot of electrom otive force versus tem perature. These 
tem peratures fo r the ten surface thermocouples were then averaged 
algebraically  to determ ine the average surface tem perature. During 
the same tim e, periodic determinations of the vapor temperature 
were made through use of the thermocouple mounted In the boiler*
Thus the basic data were obtained*
In  order to determine the amount of heat transferred  per 
unit tim e, the amount of condensate was weighed. This weight of 
condensate then was converted to heat units by use of the latent heat 
of condensation. F o r the pure components, this heat of condensation
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was s im p ly  the la te n t heat of vap o riza tion  fro m  the lite ra tu re . F o r
the so lu tions , how ever, the la te n t heat o f condensation was de term ined
by use of an en th a lp y -con ce n tra tio n  d ia g ra m . These d iagram s were
(51constructed according to the method ou tlined  by Dodge using data
from  the International C ritic a l Tables^ and the Table of Phyeico-
{211Chemical Constants1 . There is a lack of specific heat data for both 
solutions, consequently an average value was calculated using mol 
percentage as the basis. In getting this specific heat, the effect of 
tem perature on the specific heat of the pure liquid was taken into 
consideration. The heat of condensation then was read from  the dia* 
gram  using a line of constant composition. This point is further 
considered in the Results Section. Thus the necessary bits of in form a« 
tion were determined for solution of Newton's Equation.
CH A PTER  V I
RESULTS
It  must be rem em bered that the object of this work is to study 
the effect of composition on the heat transfer coefficients for the conden­
sation of b inary vapors form ing a single liquid phase. The problem  
was attacked in the following manner. The f ilm  coefficients of heat 
transfer fo r the pure components were f irs t  determined. Then, the 
f ilm  coefficients of heat transfer for various condensate compositions 
were measured, A  series of determinations was carried  out under 
such conditions as to m aintain a constant condensate composition and 
almost total condensation. Various series were then run for each
system, methanol-benzene and acetone -methanol. The data of 
(23VTrachtenberg fo r isopropanol and methanol is included in this d is­
cussion fo r it  was determined on the same apparatus and under the 
same conditions at a subsequent date. The data determined for the 
pure components w ill be discussed f irs t .
Table No. 1 gives the experim ental results for methanol, 
acetone, and benzene. The film  coefficients of heat transfer were 
determ ined in  the following m anner. The tem perature drop across 
the film  was determined by subtracting the average surface tem pera­
ture fro m  the vapor tem perature as measured. The heat transferred
2
through a given area (2 . 38 f t  ) was measured by collecting the
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condensate and making use of heat of vaporization data. The known 
values were then substituted in Newton* s Equation to determine h,
* / / ? u y /v
— — * j  has been 
found to be almost constant as a function of temperature* a plot of h 
versus a t, the tem perature drop across the film  should give a straight 
line with a slope of *0 , 25 on logging paper. This plot was made fo r each 
pure component (F ig , No. 13), The lines shown are the result of the 
calculation to determ ine the best straight line to represent the exper­
im ental data by the method of least squares. In addition* the signifi­
cance of the data was tested by statistical methods as outlined by 
Brownlee' The confidence lim its  show that 95% of the determinations 
should fa ll w ithin these bounds or in  short we have the consistency of 
the data. This does not establish absolute accuracy but only the con­
sistency of the determinations with this equipment. The confidence
-j.
lim its  show that the consistency of the data is approximately - 4. 5%,
This value would seem to im ply that the equipment gives reproducible 
results and hence accurate results based upon the findings discussed 
in the Apparatus Section,
Since Nusselt’ s equation has been found generally to be in  
agreement with experim ental results determined by many investigators, 
a comparison of experim ental data here determined and theoretical 
results is in o rder. Lines representing theoretical film  coefficients 
are included on F ig . No. 13, The very good agreement between the
the heat transfer coefficient. Since the group
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TA B L E  I  
E X P E R IM E N T A L  RESULTS  
F IL M  C O E FFIC IEN TS  FO R CONDENSING VAPORS
A . Benzene
Run No. Vapor Tem p, 
(°F )
1 176.9
2 176.9
3 176.9
4 176.9
5 176.5
6 176.8
7 176.8
8 176.5
9 176.9
10 176.9
11 176.9
12 175.9
13 175.8
14 176.3
(Single Components)
Avg. W all Condensate 
Temp* (OF) (# /h r )
146.9 93,2
153.6 73,5
158.5 60,2
159.0 60,4
155.0 69.3
151,9 82.2
155.7 68 ,4
159.9 57.5
168.1 35.5
165,1 44,9
162.4 51.9
159.7 58.1
152.9 63.1
157.3 64.5
Temp Drop F ilm  Coef- 
Across F ilm  ficient h,
it(°F ) (B TtJ/(hr)
(£r)(°F)
30.0 221
23,3 225
18.4 233
17.9 239
21.5 229
24.9 234
21. 1 232
16.6 248
8 .8 287
11.8 270
14.5 256
16.2 258
17.9 251
19,0 241
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TA B L E  I  (C ont.)
B . Methanol
Eon Ho. Vapo* Tem p. Avg. W all 
( ® F )  Tem p, (O f)
1 147.8 135.6
2 147.9 135.1
3 147.5 136. 8
4 147.3 136.9
5 147.4 136,9
6 147.7 133,1
7 147.6 133.0
8 147.6 130.5
9 147.4 130.1
10 147.3 128.9
11 147.4 129.3
12 147.4 128.6
13 147.7 139.4
14 147.6 127.3
15 147.3 127.2
16 147.4 127,4
17 147.7 126,7
18 147.7 126.7
19 148.2 118.4
20 148.0 116.6
Condensate Tem pDrop F ilm  Coeffi- 
(#/hir) Across F ilm  cient h» (B TtJ/
(°F )
a t
(h r)(ft2M °F)
29.7 12.2 487
30.0 12.8 467
26 .3 10.7 491
27.1 10.4 516
27 ,4 10.5 517
33.6 14.6 457
33.5 14.6 456
36.3 17.1 421
35.6 17.3 411
38.9 18.4 421
39.8 18.1 437
39.0 18.8 414
21.0 8 .3 505
41 .5 20 .4 404
40 .4 20. 1 400
44. 1 20 .0 438
45. 1 21 .0 427
45 ,7 21 .0 433
56.7 29.8 378
57.5 31.4 364
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TA B L E  I  (C o a t.)
C. Acetone
tn No. Vapor Tem p. 
( ° F )
Avg. W all 
T e m p .(°F )
Condensate Temp Drop 
Across F ilm  
(°F )  
a t
F ilm  Coeffi­
cient h, (B T U / 
(h r)(ft2)(°F)
1 133.0 116.3 52.1 16.7 293
2 132.4 118.9 45.5 13.5 318
5 132.6 114.6 58.0 18.0 304
4 132.6 112.8 59.9 19.8 284
5 132.7 120.8 42.3 11.9 334
6 132.7 121.7 39.7 11.0 339
7 133. 1 123.4 37.5 9 .7 364
8 132.9 110. 1 71.7 22 .8 296
9 132.7 106.7 81.5 26.0 295
10 132.6 107.4 75.2 25.2 281
11 132.7 115. 1 55.3 17,6 296
a 9 , 10
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TABLE II 
EXPERIMENTAL RESULTS 
FILM COEFFICIENTS OF HEAT TRANSFER OF BINARY VAPORS
A. 17.2 Mol % Acetone in Methanol
T  z
x V Vapor Tem perature = 143*4 ®F(Avg) A T  *V T -  T  v w
f «
BP " Boiling Point = 138.4 ° F A T  ^  s  BP
T -  TBP w
DP " Dew Point - 142. 9 ° F 6 T d p  9 XDP * T w
No. Avg. W all Temp. 
<©F)
Condensate
(# /h r)
Tem perature Drop (°F )
A T v  6 T g p  6 T D p
F ilm  Coefficients 
(B T U /h r -f t2~ °F |
hv hBP h DP
i 122. 2 34. 1 21.6 16.2 20 .7 292 389 304
2 120.9 35.4 22 .7 17.5 22 .0 287 372 296
3 117.5 39.5 25.8 28 .9 25 ,4 283 349 287
4 125.4 29.2 18.0 13.0 17*5 299 414 308
5 12 7 .1 26. 1 16.4 11.3 15.8 294 426 305
6 129. 1 22. 1 14.5 9, 3 13,8 282 439 296
7 112.6 42, 1 31.0 25 .8 30.3 251 302 257
8 129*7 22 .2 13.7 8 .7 13.2 302 475 313
9 115.0 41 .7 28 ,7 23 .4 27,9 266 329 274
TABLE II (C ont.)
B. 42. 3 Mol % Acetone In Methanol
T y s 137. 1 °F  (AVG) T Dp = 135. 7 ° F
TB p = 132. 6° F
Run No. Avg. W all Condensate Tem perature Drop ( F ) F ilm  Coefficients
Temp (°F ) ( # /H r . ) ATy a t b p a t d p (B T U /h r -f t  -  
hv hBP
° F  )
hD F
i 119.8 29 .6 17. 1 12.8 15. 9 280 374 301
z 117. 1 34.9 19.8 15,5 18.6 285 365 304
3 112.2 29.0 24. 7 20 .4 23 .5 256 310 269
4 120.9 30. 1 16.6 11.7 14,8 293 415 329
5 108.2 46 .3 29 .0 24 .4 27.5 258 307 273
6 108.4 46 .5 28 .7 24 .2 27. 3 261 310 275
7 114.5 38. 4 22 .7 18* 1 21.2 275 344 294
8 123.3 26 .4 14.4 9 .3 12.4 283 438 328
9 121.3 29 .8 16* 4 11.3 14.4 292 424 333
10 116.4 34. 3 21.2 16.2 19*3 263 344 289
TABLE II (C o n M
C. 57. 3 Mol % Acetone in Methanol
T v “ 13 J. S°F (Avg) T B p = 131.6 °F  1:D P  5 132- 0°F
Run No. 
1
Avg. W all 
Tem p<°F)
118.6
Condensate 
<# /  hr)
32. 8
T em perature 
A T v a T BP
14.6 13.0
Drop (°F )  
4 T DP
13.4
F ilm  Coefficients  
<BTU/<hrHft2H °F )
hv hBP hDP  
322 362 351
2 115.7 39 .0 17.5 15.9 16. 3 319 351 342
3 113.4 45. 1 20. 6 18.2 18.6 312 353 345
4 113. 2 4 5 .6 20 .8 18.4 18.8 304 344 336
5 119.2 32.6 14.6 12.4 12.8 319 376 365
6 108.5 54.9 25 .0 23.1 23 .5 313 337 332
7 123.0 27 .0 10.9 8 .6 9 .0 354 449 428
8 122.5 26 .8 11.1 9 .1 9 .5 344 420 402
9 124.0 24.9 9 .8 7 .6 8 .0 363 468 445
10 123.9 24 .8 9 .7 7 .7 8. 1 367 461 438
11 115.7 39 .0 17.7 15.9 16.3 315 351 342
12 107.4 53 .2 26 .2 24 .2 24 .6 291 315 309
TABLE n  (Coat* ) 
D. BO Mol % Acetone in Methanol (Azeotrope)
T *V t b p  s t d p  ' 131. 3°F  (Avg) Nr = N ap = ^DP
Ron No. Avg* W all Condensate Tem perature Drop F ilm  Coefficients,
T emp ( ° F ) (# /  hr) «°F), 2 T v
1 115.3 45 .3 16.0 335
2 118.6 40 .8 12.7 379
3 115.7 45.9 15.6 348
4 118. 7 39 .6 12.6 371
5 111.3 51.9 19.8 308
6 112.9 55 .8 18.4 349
7 107.6 64 .6 23 .7 320
8 107.2 65 .3 23.9 323
9 112.7 51.5 18.6 324
10 106.9 63 .9 24 .4 308
11 122.9 31.0 8 .7 422
12 122.6 30.0 9 .0 396
13 122.4 30 .5 9 .1 386
14 112.4 53 .6 18.9 335
-ao
TA B LE  I I  (C o n t.)
E. 17. 7 M ol % Methanol in Benzene
T v = 165.8 °F  (A v g .)
T Bp » 137. 1 °F  (A vg .)
T d p  = 165. 2 °F  (Avg. )
Run No. Avg. W all Condensate Tem perature Drop F ilm  Coefficients
Temp (°F ) (# /h r ) (°F )  (B T U /(h r)(ft2 )(°F )
^ B P AT DP hv hBP
h
DP
1 114.9 60 .5 51 .2 22 .2 50 .2 118 273 120
2 116.7 54.6 48 .5 20 .4 48. 0 114 269 115
3 117.0 56 .8 43 .2 20.3 48. 6 117 279 116
4 123.5 4 4 .3 41 .7 13.7 4 1 .8 107 324 107
TABLE II (C en t.)
F . 46. 5 Mol % Methanol in Benzene
Tv * 1 4 3 .7°F (Avg) Tb p  • 136. 0°F (Avg) TDP * 145 .9°F  (Avg)
Run No. Avg. Wall Condensate T em perature Drop F ilm  C oefficients
Temp (°F ) (# /  hr) ATV A I J j  ATD p (B T U /(h r ) (ft2) (°F )
K  hBP hDP
1 116.8 42 .5 26 .7 19.2 28 .7 220 306 205
2 117,6 41 .5 25.9 18.4 28 .2 221 309 203
3 115.6 46.1 27 .9 20 .4 2 9 .8 227 310 213
4 113.4 48, 1 30. 1 22 .6 32.6 219 291 202
5 120.7 38 .4 22 .8 15.3 25, 5 231 342 205
6 127. 1 30. G 17.4 9 .0 20 .0 234 451 204
7 125.4 31.6 18.6 10,7 21 .7 231 400 198
8 121.9 34.8 22. 1 14.2 25 .2 213 331 185
9 124.9 31.9 18. 1 11.2 21 .6 240 388 201
10 129* 1 26 .5 14.4 6 .9 16.7 259 537 223
11 130. 1 25 .0 13.4 5 .9 16. 1 255 577 211
-«48\>
TA B L E  n  (C o n t.)
G. 61 .2  M o l % Methanol in Benzene (Azeotrope)
Ty  * T g p  » T g p  = 135* 7 °F  (Avg) hy -  h g p  * hpp
Run No. Avg. W all Condensate Tem perature Drop (° F )  F i lm  Coefficients, hy,
Temp (°F )  (# /h r ) A T y <B T U /(h rH ft M °F)
1 117.7 17.9 317
2 119.2 16.4 333
3 121.2 14.2 345
4 123.5 12.0 362
5 125.4 10.0 405
6 123.3 12.5 348
T 120.4 15.4 335
8 116. 4 19.4 321
9 114.8 21 .0 313
10 108. 2 27 .6 283
11 109.2 26.6 278
12 126.6 9 .3 379
13 125.5 10.4 365
14 108.2 27 .7 295
TA B L E  II (C ont.)
H. 83 M ol % Methanol in Bensene
Tv :  142 .4° F (Avg) TB p :  136 .9° F  TDp s 142 .4 °F
Run No. Avg. W all 
Temp (°F )
Condensate 
<# /  h r)
Tem perature Drop (°F )
AT ATn n  AT v BP DP
F ilm  Coeffic i| 
(B T 0 /(h r)< F t4
\  feBP
p is
') (°F )
hBP
I <126. 3 24 .3 16.0 10.6 16. 1 277 418 276
2 125.8 24. 1 16.5 11. 1 16.6 266 395 264
3 119.8 34 .9 22.5 17. I 22 .6 284 373 283
4 121.7 32.4 20 .5 15. 2 20 .7 275 371 273
5 121.8 31.9 20 .2 15.1 20 .6 288 385 282
6 119.4 37.5 23.2 17.5 23 .0 295 391 297
7 118.4 39.0 24.2 18.5 24 .0 293 383 295
8 114. 3 46. 1 28 .3 22 .6 28. I 301 377 303
9 114.5 4 4 .6 28 .3 22 .4 27 .9 288 364 293
10 113.4 43 .4 28 .9 23.5 29.0 275 338 274
11 129.9 18.5 12.9 7 .0 12.5 261 482 269
12 129. 1 18.6 13.7 7 .8 13. 3 248 436 255
•4
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theoretical and experim ental values for methanol is very evident^ 
However, the values for acetone and benzene are greatly in variance, 
although the slopes of the lines are  in  good agreement with theory. 
These slopes from  experim ental data are -0 . 27, -0 ,2 3 , and -0# 22 for 
methanol, acetone, and benzene respectively. The fact that the 
methanol data is so good discounts the effect of a faulty apparatus.
The only reason that is evident fo r the discrepancy noted in the ben* 
aene and acetone data is the im purity of the reagents as pointed out 
previously. This purity, along with questionable data for the physical 
properties, could cause this disagreement. It  is believed, on the 
strength of the above discussion, that the data presented here 
represents accurate determinations fo r the substances used in this 
work.
Since a calculation of the operating conditions necessary to 
give a Reynolds Number of 2100 showed that a ll experimental deter-
j
minations were well into the stream line flow region, turbulence in  
the film  could not appreciably affect these results.
Surface temperatures measured in this work show agreement 
with previous work as fa r  as variation of the temperature around the 
circum ference of the cylinder is concerned. The highest temperature  
occurred at the top of the cylinder with the lowest temperature indicated 
by the thermocouple on the lowest portion of the cylinder. This v a ria ­
tion amounted to approximately 2. 5 °F  on the average determination.
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It  is  thought that the placement of the thermocouples on the condensing 
surface allowed algebraic averaging of the surface temperatures to 
determ ine a usable surface temperature*
At a ll tim es, with the pure components, the d im  of condensate 
appeared to be uniform  and to flow evenly over the surface. V ery  
lit t le  tarnishing of the surface was noted. The drops fe ll from  the 
condensing surface at uniform  intervals showing that the bar was in  
a perfectly  horisontal position.
Extrem e care had to be exercised in  preventing an excessive 
amount of vapor to flow to the auxilia ry  condenser. The effects of 
this vapor flow on the coefficients was evident from>several runs 
made with extrem ely adverse conditions prevailing. The coefficients 
so determ ined were abnorm ally high. This velocity effect was 
probably accentuated by the design of the jacket surrounding the con* 
densing surface, an annular space of slightly less than an inch.
This feature was incorporated into the design fo r possible future use 
in  the study of velocity effects on heat transfer coefficients*
Experim ental data fo r the benzene-methanol and acetone - 
methanol systems are presented in  Table No, G, Operating conditions 
were controlled in such a manner as to give almost total condensation 
of vapors and a condensate of constant composition as previously 
described . The condensate was weighed for a timed period and the 
heat transferred  was calculated using an enthalpy-concentration
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diagram  (See Appendix), The value of the temperature drop across 
the film  however could he reckoned in  several possible ways.
The theoretical discussion has shown the lim iting  values 
of the composition at the interface depending on the operating condi- 
tions. A calculation was made to determine the theoretical relation­
ship between the composition of the vapor and the condensate* Using
Equations {37 & 38), k was calculated for a typical run*
s
In o rd e r to make this calculation, some necessary approxima­
tions w ere made. Since the total flow past the surface was almost 
sere, values fo r and the Reynolds Number were obtained by 
dividing the total rate into the vapor jacket by 4 since the flow was 
split equally on each side of the bar and the rate at the top of the bar
was p rac tica lly  zero. F rom  Equation (38), j was calculated to be£3
2 /3
approxim ately 0. 008. A  value for ( ) % . 86 was taken at an
^ Dv
average of those reported by Johnston and Pigford fo r binary m ixtures.
The value of was assumed as one atmosphere. The value for
2
k_ was then found to be 0. 009 # m o ls /(h r)(ft )(atmos). The value ofg  _ _
E was then calculated from  Equation 39 to be 1/e which is practically  
zero.
This finding substantiates theoretically the fact that the com­
position of the condensate should be practically  that of the main vapor 
stream  as shown by Equation (40).
* i  = yv - E yj
1 - E
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The experim ental findings were in close agreement with this 
conclusion* fo r analysis of the sample from  the auxiliary  condenser 
showed i t  to be only slightly rich er in the more volatile component 
than the condensate. This enrichment might w ell have been increased 
by p a rtia l condensation in  the pipe leading to the auxiliary  condenser.
I t  seems reasonable to expect that the temperature of the 
liquid at the interface should be the norm al boiling point of the solu­
tion at the given pressure for these operating conditions. How* 
ever the experim ental results are presented with the heat transfer 
coefficient based upon a tem perature drop across the film  of 
condensate using the boiling point corresponding to the condensate 
composition* the dew point* and the tem perature of the entering 
vapor* The results are  listed in Table No. H I,
The boiler tem perature was determined directly  from  the 
thermocouple located in the boiler* The dew points and boiling points 
were obtained from  vapor-liquid equilibrium  diagrams (F ig  Nos. 29,
30, and 31). There was some difficulty in choosing the proper set of 
vapor-liquid  equilibrium  data fo r the a c et one - methanol system from  
the four seta available. The thermodynamic consistency of each set 
of data was tested and that of Q thm er^*^ was chosen based on the con­
sistency test and the fact that this was the only data that gave the tem ­
perature of the saturated vapor equal to or lower than the temperature
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measured in the vapor space in this work* This data, though not 
en tire ly  consistent thermodynam ically, was smoothed according to the 
Gibbs - Duhem Equation, This smoothing caused only slight tem pera­
ture changes. The data of Chu^  ^ and Gautreaux^^ for the benzene - 
methanol were in  fa ir ly  good agreement. The data determined by 
Gautreaux were extrem ely accurate and were taken on very pure sub­
stances, It  has already been pointed out that the purity of the sub­
stances used in  the present experim ental work is not too great* At 
the aseotropic composition, the temperatures measured in the boiler 
were in  good agreement with Chu’s aseotropic temperature but some­
what low er (1 °F ) than that of Gautreaux, Also between the azeotropic 
composition for the system and that of pure methanol, the temperature 
of the saturated vapor was higher fo r Gautreaux4 data than that measured 
in  the bo iler, a case which seems to be unreasonable. Chu's data, how­
ever, gives the expected agreement* This is not a critic ism  of 
Gautreaux1 data but it  is believed the difference noted is due to the 
purity of the substances used, that of Chu’ s being closer to that used 
here. F o r this reason Ghu's vapor-liqrud equilibrium  data was used. 
From  the discrepancies noted here it  would seem that the vapor-liquid  
equilibrium  data should be obtained using the very sam e quality sub­
stances as used in the heat transfer determinations, or extrem ely pure 
substances should be used in the heat transfer determinations.
A plot of the heat transfer coefficient versus the temperature
TA B LE  IU
F IL M  C O E FF IC IE N TS  AT A CO NSTANT TE M P E R A TU R E  DROP  
A, F ilm  Coefficients of Single Components as a Function of Tem perature Drop Across the F ilm
(T  -  T )v w
T v * Vapor Tem perature, ° F  T w -  Surface Tem perature, ° F
Tem perature Drop F ilm  Coefficient (B T U /h r -f t^ -°F )
Ojp Benzene Acetone Methanol Isopropanol
10 278 343 502 285
15 252 315 450 242
20 238 290 418 218
25 227 278 392 198
30 218 265 375 185
GOO
TA B LE IB  (C o n t.)
B. F ilm  Coefficients of the Acetone-Methanol System at a Constant Temperature Drop  
Across the F ilm  as a Function of Composition*
T g p  •  Boiling Point of Condensate (°F ); T w = Surface Tem perature (°F )
Temperature Drop F ilm  Coefficient* h g p  {B T U /hr-ffc^ -°F }
° F  17.2 M ol % Acetone 42* 3 M ol % 57. 3 Mol % 80 M ol %
10 435 415 397 385
15 385 367 363 350
20 357 340 338 327
25 335 320 315 305
30 320 302 302 288
Co
TA B LE  IH  (Cont. )
C. F ilm  Coefficients of the Acetone-Methanol System at a Constant Tem perature Drop ( T j jp - T ^ )  
as a Function of Composition
*^I>F *  ^oint Condensate (°F ); T w * Surface Tem perature (°FJ
Temperature Drop (° F )  F ilm  Coefficient, hj^p, (B T U /h r*
17. 2 Mol % Acetone 42. 3 M ol % 57. 3 M ol % 80 Mol
10 310 352 395 385
15 310 317 357 350
20 305 295 332 327
25 292 280 317 305
30 270 267 302 2 88
GO
TA B L E  U I <Cont. )
D. F ilm  Coefficients of the Acetone-Methanol System at a Constant Tem perature Drop (T y -T ^ )  
as a Function of Composition
T v *  Vapor Tem perature ° F  T w * Surface Tem perature ° F
Temperature Drop (°F )  F ilm  Coefficient, hy# (B T U /k r - f t^ -° F )
17. 2 M ol % Acetone 42. 3 M ol % 57. 3 M ol % 30 M ol %
io 250 255 355 385
15 290 265 330 350
20 300 278 310 327
25 275 295 298 305
30 260 320 287 233
00w
TABIJE m  (C ont. )
E. F ilm  Coefficients of the Methanol-Benzene System at a Cons tart Tem perature Drop Across the 
F ilm  (T g p  * T ) As a Function of Composition
^BF s Boiling Point of Condensate (°F ); T w -  Surface Tem perature {°F }
Temperature Drop (°F ) F ilm  Coefficients, h g p , (B T U /h r~ ft^ -°F )
17. 7 M ol % Methanol 46. 5 M ol % 61. 2 M ol % 83 M ol %
10 345 415 375 415
15 304 335 335 380
20 280 300 310 360
25 263 280 292 345
30 250 265 279 330
00I*.
TA B LE  I I I  (Cont. )
F* F ilm  Coefficients of the Methanol-Benaene System at a Constant Tem perature Drop (T j^ p -T w ) 
as a Function of Composition
T£)p r Dew Point of Condensate (°F ) s Surface Tem perature, ° F
Temperature Drop F ilm  Coefficients, h r  
17. 7 mol % Methanol 4 6 .5  Mol %
,p , (B T U /h r-£ tZ- ° F )
61 .2  M ol % 83 M ol %
10 223 375 272
15 217 335 280
20 210 310 286
25 207 292 290
30 203 279 294
CO
tn
TA B LE  I I I  {C ont.)
G, F ilm  Coefficients of the Methanol-Benzene System at a Constant Tem perature Drop (T V* T W) 
as a Function of Composition
T y = Vapor Tem perature (°F ) T * Surface Tem perature (°F )
Temperature Drop {°F ) F ilm  Coefficient, (B T U /h r - f t^ -°F )
17. 7 Mol % Methanol 46. 5 M ol % 61 .2  M ol % 83 M ol %
10 — 220 375 258
15 - - 225 335 269
2 0 231 310 278
25 - - 240 292 283
30 *  » 252 279 290
CO
O '
1 2 3 -4 5 6 7 3 9 1  2 3 4 5 6 7 3 9 10
1 0
COEFFICIENTS DF 
AT' C O N STANT C
ACROSS TFE FILMLIRE
%  ACETONE IN W
not
TT
U_
t t ^ M V V
• — Singly Coinportetr
20 3010
TEMPERATURE DROP (°F)
oo^4
TEMPERATURE D R O P (° F )
0
Ol
0
01
si
F
l'
L
M
 
C
O
E
F
F
IC
IE
N
T
.
(O
; 
;£
 
<7>
 rn
■ 
■■■!
 s
 »
 r
lv
: H
 H
 !
 
^
 
H
 
T
i 
l 
-S
'-^
r
:?
 
?
! 
!?
=o
 
5?
 
I#
:'.
 ■*
!
 ^
: 
S
 
T -
n-
O ro o oi o
Ol
1 2 3 4  5 6 7 8 0 1 2 3 4  5 6 7 0 0 10
1 0
Q
FILM COEFFICIENTS OF HEAT 
IT ; ATI CONSTANT COMPOSI
 :___ . versus _ _____
TEMPERATURE OROF ACROSS 
57 .
8
7
u.
,A£ET&NEr4N6
(M
5
X
4
3
oul ■4T* . V b f  Tw ) : —  
f T = (T dp- r w) :
•«T= (T y-  T,w ) i :
4  S i n g l e  C o i t n p o n e n ls
2
20 3010
TEMPERATURE DROP (°F )
00vO
TEMPERATURE DROP ( * F )
TEMPERATURE DROP (°F )
OD 
'0
fl
L
M
 
C
O
EF
FI
C
IE
N
T,
 h
,| 
(B
T
U
/H
r 
- F
t 
-°
F
16
TEMPERATURE DROP (° F)
'FI
LM
 
C
O
E
F
F
IC
IE
N
T
,M
B
T
y/
H
r-
1 2 3 4 - 5 6 7 3 3 1  2 3 4 5 6  7 B 3 1 0
1
F i m  COEFFICIENTS OF HL. 
 AT • CONSTANT-COMPOS'
- ■ t - - versus : ' ' :* !
TEMPERATURE DROP ACROS 
l | 3  MOiJ%METHANOU IN B
a h
mm . —
er
t * .JTv - t w)
Single; Components
10 20 30
TEMPERATURE DROP ( ° F )
vOoo
drop across the film  based on the three tem peratures mentioned above 
was made fo r each series of runs at a constant composition (See Fig« 
Nos* 14-20)* Again it seems that the plot should be a straight line  
with approxim ately the theoretical slope of *0* 25 on log-log paper
( ■4 13 \f  f- J is believed to be alm ost independent 
of tem perature just as with the pure substances as discussed in  the 
theory section* This wasfound to be generally the case fo r the co­
efficients based on the boiling point* The best line representing the 
experim ental data was then plotted* From  this line* the heat transfer  
coefficients for a tem perature drop of 10°, 15°# 20°* 25°, and 30°F . 
were read and recorded in  Table No* 111*
D ifficu lty  was encountered at low concentrations of methanol 
in  benxene in  getting a smooth film  of condensate* At a concentration 
of 44* 5 mol% methanol in  benzene a peculiar type of condensation 
was noted (F igure 21)* A t low tem perature drops across the film , a 
ring appearance was noted in  the film  of condensate* These rings 
of condensate were un iform ly spaced as shown. They seemed to move 
gradually toward the center of the condensing surface* As the rate of 
condensation was fu rther reduced, the uniform  ring form ation was d is­
rupted and a random uneven pattern was noted in  the film  (Fig* No. 22). 
It  is believed that this non-uniform  film  at the lower rates o f condensa­
tion accounts for the curve upward in the determ ination o f the heat 
transfer coefficients fo r 46 .5  mol per cent methanol in  benzene* F o r
IFIG U R E 21
RING A P P E A R A N C E  IN  F IL M  OF CONDENSATE A T  LOW  C O N C E N T R A T IO N  
O F M E T H A N O L  IN B E N Z E N E  AND IN T E R M E D IA T E  R A TE S  OF CO N D EN SATIO N
<_n
FIGURE 22
IRREG ULAR PATTER N  OF CONDENSATE AT LOW CONCENTRATION 
OF M ETH AN O L IN BENZENE AT LOW CONDENSATION RATES
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high rates of condensation, the uniform  f ilm  again appeared. For 17, 2% 
methanol in benzene, the condition was even worse, A uniform film  
could be obtained only at very high rates of condensation, consequently 
determinations at tem perature drops less than 20°F  were not made.
This same sort of film  appearance has been recently reported by 
B ro m le y ^  fo r pure water and fo r pure acetone, not a m ixturej and 
this observation was noted on an apparatus which was constructed from  
stainless steel.
Plots were then made of the film  coefficient of heat transfer 
at a constant tem perature drop as a function of mol fraction as shown 
in Figs, 23, 24, and 25. The data of Trachtenberg is here Included 
for comparison, A comparison of the three sets of curves fo r each 
system im m ediately brings out the non-s im ilarity . For the acetone-  
methanol system and the benzene -methanol system, there are three 
points in  common, the term inals and the azeotropic composition points. 
For the isopropanol-methanol systems only the term inal points are in  
common.
In each case the un iform ity of the curves with the coefficient 
based on the boiling point is striking. In  each case, the s im ila rity  
of the curves based on the dew point and the vapor tem perature is evident 
and such should be the case for the two temperatures are not greatly  
different. In  a ll three systems, a m in im u m  is reached in  the curves 
based on the vapor and dew point tem peratures. In  the case of the
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isopropanol-methanol sysfcern3 the curve i® uniform  and approaches 
the m inim um  gradually* A check of the temperature-composition  
plot fo r  isopropanol shows that there is a re lative ly  sm all change in  
tem perature between the saturated vapor and liquid compositions*
curves plotted* The ac©tone-methanol tempo rature-com position plot 
shows a wider variation in  the tem peratures of the saturated vapor and 
liquid at a given composition except near the azeotropic point* There is 
a pronounced m inim um  at approxim ately 80 mol per cent methanol 
but none at compositions higher than the azeotropic composition* The 
la tter is due to the fact that the difference between the saturated vapor 
and liquid tem peratures between zero and twenty m ol per cent methanol 
is nil* A glance at the plots fo r the methanol-benzene system shows 
more pronounced m inimums on either side of the azeotropic composition 
for coefficients based on the dew points and boiling tem peratures*
Again* these m inim a occur at points of greatest tem perature difference  
between liquid and saturated vapor*
of composition was made for the ethanol-water* acetic acid-benzene, 
and ethanol -methanol systems(Fig* No. i>). These lines* though not 
a ll approaching linearity* did not show in any case m ore than one point 
of inflection* It  seems that we could expect s im ila rly  shaped curves
^he higher saturated vapor tem perature accounts fo r the dip in the
In order to determ ine the significance of these curves* it  
must be recalled that a plot of the group on
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for the heat transfer coefficients as a function of composition at a con­
stant tem perature drop across the film  since only the temperature drop 
across the f ilm  would be appreciably affecting the values. If  only the 
te rm ina l points and the aseotropic composition are considered, such 
a curve does result* C erta in ly , the curve based on the boiling point 
approaches these expected results closer than those obtained using the 
dew point o r vapor tem perature as a basis fo r calculating the heat 
transfer coefficients.
Since the plots of therm al conductivity, density, and viscosity 
seemed to approach lin ea rity  when plotted as a function of weight per 
cent ra ther than a function of mol per cent, the same scheme was 
carried  out using the film  coefficients of heat transfer based on the 
boiling point {Fig. No, 26), This change did serve to smooth out the 
dip somewhat except in  the case of the acetone-methanol system. In 
the case of the isopropanol-methanol system we have lines which ap­
proach lin earity  closely, particu larly  at the higher rates of heat trans­
fe r . This system is one that approaches ideality.
I t  must be pointed out that a small e rro r in the vapor-liquid  
equilibrium  diagram w ill cause more Irre g u la rity  in the lines rep re ­
senting heat transfer coefficients for sm all temperature drops than for 
the la rg e r ones for obvious reasons. Thus the effect of composition 
on the coefficients should be better shown for the constant temperature  
drop of 30 F,
1For th© benzene-methanol plot, a sm all upsurge in the line is 
noted at approxim ately 20 weight % methanol* This probably stems 
fro m  the peculiar condensation noted previously wherein the film  was 
not of uniform  smoothness resulting in higher values for the coefficients* 
^he acetone- methanol plot has the same appearance for low 
methanol concentrations and in  addition, a downward bend is noted in  
the neighborhood of 70 weight per cent. The reason fo r this is not 
known, but it  must be rem em bered that the vapor-liquid  equilibrium  
data was somewhat of questionable value* However, these variations  
are not very  fa r from  a straight line connecting the values of the co­
efficients of the single components.
C H A PTER  V II
CONCLUSIONS
It  seems c lear from  the work done on pure compounds and 
the statis tica l analysis of the data, that a workable apparatus has 
been designed. The desirable features of isotherm al conditions along 
the length of the condensing surface and an improved technique of 
thermocouple installation have been successfully incorporated into the 
apparatus.
The work with binary solutions has evolved a workable pro­
cedure to be followed in determining film  coefficients of heat transfer 
as a function of composition* It appears that fo r ideal systems, the 
coefficients at any composition may be determined by plotting that 
fo r the pure components at a given tem perature drop at aero and 100 
weight per cent and connecting the two points by a straight line. The 
coefficient at a given weight per cent then can be read simply from  the 
plot. This conclusion is not final, rather further evidence from  s im ­
ila r  investigations on solutions approaching ideality  is needed* Fo r non­
ideal solutions* true values for the film  coefficients do not seem to be 
so easily obtained* True* in this case the variation from  linear re la ­
tionship is sm all; and in  the absence of experim ental data a procedure 
might be followed s im ila r to that for ideal solutions without too much 
erro r* However, it  is believed that solutions containing water as one
105
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component should not be handled in this manner, since the variation of
, ( a s  p f \ y +
tne group  ^ '“^ C  f  J composition calculated from  existing data
though m eager was seen to vary non^uniformly with composition* This 
seems to be borne out by the findings of Wallace and Davison, scant 
though they are* W ater is singled out here since it is such a highly 
associated substance a® pointed out by E w e l l^ .
Furtherm ore* it  appears that the temperature drop across the 
film  of condensate is the difference between the surface temperature  
and the boiling point of the condensate for these particu lar operating 
conditions. It  must be rem em bered that this is a lim iting  condition 
as opposed to a case in  which only a sm all fraction of the entering 
vapor is condensed* F o r the la tte r case, the use of the boiling point 
as the in te rfac ia l tem perature w ill not necessarily be correct since 
other resistances to transfer enter into the picture.
It  seems reasonable to expect that the film  coefficients of 
heat tran sfe r could be predicted fo r binary solutions that form  a single 
liquid phase by the Nusselt Equation when the necessary physical data 
become available*
C H A PTER  V III
RECOMMENDATIONS
Fu rther work seems to be in order on both ideal and non-ideal 
solutions, with water as one component particu larly  of importance*
This work has served to point out the desirab ility  of having 
values fo r density, viscosity, and particu larly  therm al conductivity 
as a function of composition and temperature* It  is believed that this 
equipment might be used to study the value of the vapor side film  
tem perature as a function of the degree of partia l condensation when 
this data becomes available.
It  is believed that vapor-liquid  equilibrium  data should be de­
term ined for the reagents actually used in the heat transfer work, as small 
tem perature e rro rs  (even 1 or 2 °F ) are im portant particu larly  at the 
lower tem perature drops across the film .
Slight changes in the apparatus should be made to ease the 
operating technique as w ell as to im prove the results obtainable. The
I
vapor jacket probably should be enlarged to m inim ise adverse vapor 
velocity effects. Steps fchould be taken to provide a better control of 
the heat input. Cleaning of the condensing surface should be made easier, 
o r the condensing surface should be made less liable to tarnishing p e r­
haps through plating on a thin film  of non-corrosive m etal. An easier
107
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method of measuring the condensate should be devised, perhaps a vol­
um etric  system which would be almost automatic* The condensate 
re tu rn  line should be brought to the center of the bo iler to prevent a 
concentration gradient across the boiler from  one end to the other* 
Perhaps, the tem perature measurements may be speeded by connecting 
a ll the surface thermocouples in series and reading a total voltage 
generated, then dividing by the number of thermocouples to get an 
average value. This would allow installation of thermocouples at other 
strategic points, since the lim ita tion  has been the time necessary to take 
the readings* Separate readings for each surface thermocouple do not 
seem to be so im portant fo r subsequent work since the variation  
around the circum ference has been found to be rather small*
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NOMENC LAT URE
A
distance from  w all out into film  of condensate (ft) 
area of heat transfer (ft2)
B *  assumed a constant
B *  3s C tf ^ V y - ^ w )
*  concentration (m els/ft**)c
C *  constant of integration
CpA’ CpB ~ m^l&l specific heat of components A and B respectively 
(B T U )/(# m o l)(°F )
(B T U /# )
hdL  *  coefficient of heat transfer of d irt on liquid side of the pipe 
(B T U /(h r)(ft2M0r )
-  heat transfer coefficient of d irt on the vapor side of the wall 
(B T U /(h rM ft2)(°F )
D ftVg = average diam eter of pipe (ft) 
Di = inside diam eter of pipe (ft)
Dv
= outside diam eter of pipe (ft)
9  m olecular diffusivity in gas (ft /h r)
G
G
%
h
m
g I
= acceleration due to gravity (4.17 sc 10 f t /h r  )
2
s mass rate of flow  (# /(h r )(ft  )
= m olal rate of flow (#m o l/(h r)(ft2)
*  local coefficient of heat transfer (B T U /(h r)(ft2)(°F )
hag, hfcg = enthalpy of saturated gas of components A and B respectively
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k L» *  coefficient of heat transfer of liquid 
(B T U /h r - f t2 -° F )
hlA* hlB = enthalpy of saturated liquid of components A and B
respectively
hm s mean coefficient of heat transfer (B T U /h r -ft^ -°F )
hv * vapor side film  coefficient of heat transfer, (B T U /h r -ft^ -°F )
s dimensionless factors for heat and mass transfer respectively
k = therm al conductivity (B T U /h r - f t^ -°F /f t )
k8 = mass transfer coefficient (#m o ls )/(h r-ft^ -a tm )
L a thickness of the pipe w all (ft)
M = m olecular weight
n a
S rate of mass transfer of more volatile component (# m o ls /h r)
P s p a rtia l pressure (atm)
P s total pressure (atm)
pB M = log mean pressure of less volatile vapor (atm)
Pi = p artia l pressure at interface (atm)
P s s p artia l pressure in m ain stream  (atm)
q - rate of heat transfer (B T U /h r)
R a gas constant ( ft^ -a tm )/ (#m ol~°R)
r = radius of pipe (ft)
* t 3 total resistance
S s shearing stress (# fo rc e /ft2)
T 3 absolute temperature ( °  K)
H
3 film  temperature *  ty -  3 /4  £ t ,  where At is temperature
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drop across the f ilm  (°F )  
t j  » tem perature at interface (°F )
tv a vapor tem perature (°F )
tw *  tem perature of condensing surface (°F )
u = downward velocity of the film  ((f t ) /h r  )
U0 *  overa ll coefficient of heat transfer based on outside area of 
pipe (B T tl/(h r ) ( f t2)(°F )
U * overa ll coefficient of heat transfer (B T U /(h r)(ft^ )(°F )
w  :  mass rate of transfer (# /(h r )(ft2)
x a s m ol fraction  of m ore volatile component in liquid phase
y s m ol fraction  of vapor, yv in  m ain vapor stream  at interface
Y -  f ilm  thickness at a given point (ft)
z = distance in  direction of diffusion (ft)
z i  s a function of f ilm  thickness
p* -  mass rate of flow over a surface per unit length ( lb /h r -ft )
d i  s tem perature difference (°F )
A  * latent heat of vaporization (B T U /# )
Am * average xnolai latent heat for solution (B T tf/#m o l)
A/L  = coefficient of viscosity (M ass /un it length - unit tim e) « A if  
s viscosity in force units (Force *• T im e/Length  ) 
s density (# *s /ft3) or consistent units 
(p  z angle of surface with reference to horizontal plane (radius)
\p  ~ a function of film  thickness in substitution
f  s re fers  to average film  properties
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Calculation of Confidence L im its According to Brownlee^
There is reason to expect that heat transfer coefficients can 
be correlated for a given substance or a given composition of a m ix­
ture by the following relation:
log h = log k - m log A T 
where h is the heat transfer coefficient, k and m are constants, and 
AT is the tem perature drop across the film .
To test the significance of this linear relationship, the co rre ­
lation coefficient, r c must be calculated as follows
£ fA T -A fK h -M  
C \ j£(*T-ar)*-£  ( l i - T i ) *
where 21 denotes summation and
  -  /  , - r l ^  ( . i . h ' T ) *'
2 ( A T - A T )  * 2  ( A T  ) -  —
n = number of observations.
Z ( h - K ) * -  t ( h l )  -
-  / 1 - T ~\ (h)
2 ( A T - A T ) ( h - K )  •  Z [ h * r )  ^
By use of Table IV  p. 150, the probability of getting such a value is
determined. If  the probability is high then there is good reason to
suspect that the linear relationship exists. For the determination  
on methanol, the correlation coefficient is 0.9499.  The probability
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read fro m  the t&ble of ge tting  this value in  the absence of the c o r re la ­
tion is  nil* consequently the use of the relationship is sound.
The equation for the line is calculated according to the method 
of least squares. The calculation for methanol gives an equation 
log h * 2.994566 «* .27235 log \T .
The standard deviation, Cr  may he calculated as follows
This standard deviation may then he used to draw the lim its  in which 
a given percentage of the data should fa ll. F o r lim its  in  which 95% 
of the data w ill  fa ll, use Table 1, p. 144, to determine a value fo r jt. 
F o r methanol the standard deviation was found to be 0.00993134.
The value of t  is 2 .1  to give a deviation from  the line of -  . 020856 
logarithm ic units, thus establishing the confidence lim its .
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